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ABSTRACT 
 
It is a well-known fact that degradation of materials due to phenomena such as oxidation, 
corrosion or wear may result in early deterioration of a material. This deterioration can turn 
out to be very expensive in industries such as the Aerospace one, where the price of a piece 
can reach soaring figures and where the unexpected failure of a component can result 
catastrophic. 
Titanium is a material widely used in the aerospace industry thanks to its good mechanical 
properties (high strength, low density and excellent corrosion resistance); however one of its 
drawbacks is its poor oxidation resistance at high temperatures. The purpose of this project is 
to be able to provide titanium with a coating capable of allowing it to improve its oxidation 
resistance. 
MAX phases on the other hand are relatively new materials with a Mn+1AXn stochoimetry, 
where M is a metal, A is an A-group element and X is N or C. They are layered crystalline 
compounds with a hexagonal structure. These ternary phases are characterized by having 
extraordinary physical, chemical and mechanical properties related with their nanolayered 
structure. Among their properties their excellent high-temperature mechanical properties and 
their oxidation resistance makes them quite promising. 
In this project, the slurry coating method has been used to develop the coatings, using as a 
donor material MAX-phases on Ti-6Al-4V alloy. 
The reasons for choosing this alloy is that it is the most used titanium alloy in the Aerospace 
sector. The samples were to be coated using two different kinds of MAX-phase slurries: Ti3SiC2 
and Ti2AlC, respectively. The slurry diffusion treatment of the samples was carried out at 
different temperatures. Subsequently, samples were oxidized in static air at 600℃ for 300 
hours. Characterization of the samples was performed by X-ray diffraction and Scanning 
electron Microscopy. 
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1.1 Objectives 
 
Titanium and its alloys are widely used in the industry, in sectors as the aerospace, marine, and 
chemical due to their good specific properties. Their most outstanding properties are: high 
specific strength and excellent corrosion resistance. This high specific strength property is 
quite advantageous when working at high temperatures, the problem it has is that the 
operating temperature is limited by the oxidation of titanium. For this reason many attempts 
to try and improve its oxidation resistance have been and are still being carried out nowadays. 
(1)- (2) 
The purpose of this project is to develop new novel slurry coatings based on Ti2AlC and 
Ti3SiC2 MAX phases in order to improve the oxidation resistance of titanium at high 
temperatures so that the temperature limitations imposed on this material can be overcome. 
Taking into consideration the good properties exhibited by MAX phases, in particular their 
good oxidation resistance; they will be employed as slurry coating to study the oxidation 
behavior of the coated Ti-6Al-4V substrate. Twenty samples will be center of the investigation. 
Eight of them will be coated with the two different MAX phase slurries, Ti3SiC2 and Ti2AlC in 
each case. The remaining four will be used to study the normal oxidation behaviour of the 
substrate. 
In addition, to the study of the two different slurries a new variable will be added, two 
different diffusion temperatures will be used for the slurry deposition process. Given their 
similarity to ceramic coatings the temperatures chosen for the slurry diffusion process will be 
1100℃ and 1200℃. 
The final goal is to be able to establish a comparison between the oxidation behaviour of 
the bare substrate and the slurry-coated samples; with this it is expected that it will be 
possible to determine the effectiveness of these coatings to create a protective oxide scale 
protecting the substrate from further oxidation or slowing down the process. To do this two 
different characterization methods will be used to study the results obtained: SEM (Scanning 
Electron Microscopy) and XRD (X-Ray Diffraction). 
 
1.2 Phases of development 
 
Although the experimental process consists of many steps, the project can be summarized in 
the following: 
1. Review of bibliography. 
2. Preparation of the substrate. 
3. Experiments with the slurries. 
4. Diffusion of the slurries in vacuum.  
5. Oxidation. 
6. SEM and XRD observation of samples. 
7. Analysis of results. 
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The whole experimental development was carried out at Universidad Carlos III in Madrid, 
in its Campus in Leganes. The process required especial equipment, such as a vacuum furnace, 
an oxidation furnace, cutting machines, grinding machines,… and also appropriate software for 
the analysis of the results. The specific programs used for the development and presentation 
of the result were the X-Pert High Score which is used to identify the phases obtained by the 
XRD characterization and Origin to display the oxidation curves and diffraction patterns. The 
use of each machine, at each step of the process will be described in detail in Chapter 5. 
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2.1 Introduction 
 
Titanium was discovered in 1791 by William Gregor; the British reverend, mineralogist and 
chemist. Examining the magnetic sand from the local river, Helford, in the Menachan Valley in 
Cornwall, England, he isolated “black sand”, now known as “ilmenite“. He removed the iron in 
the sand with a magnet and treated the sand with hydrochloric acid, producing the oxide of a 
new element, which he named mechanite after the location. Four years later a chemist from 
Berlin, Martin Heinrich Klaproth independently isolated titanium oxide from rutile. To name 
the element he associated the difficulty of extraction of the element with Greek mythology 
and the titans, held in captivity in the Earth’s crust by their father. (3) 
Since Titanium’s discovery until it was able to be isolated more than 100 years went by. In 
1910 Titanium was able to be isolated by heating titanium tetrachloride (TiCl4) with sodium in 
a steel bomb (“Hunter process”). The first process that allowed obtaining good quantities of 
titanium and that is still the main process used nowadays is called the “Kroll process”. The Kroll 
process was developed by Wilhelm Justin Kroll and it is based on using magnesium as a 
reducing agent to obtain titanium from TiCl4. 
Titanium is the fourth most abundant metal in the Earth’s crust (0.6%). This fact brings up 
an interesting question; if it is so abundant why is it so expensive? The answer to this question 
is quite simple. The main problem regarding titanium, despite its abundance, is the difficulty of 
finding it in pure state and in high concentrations. Titanium occurs in nature only in chemical 
combination (usually with oxygen and iron). It is this difficulty and its processing what makes it 
expensive. (1) 
The most common minerals in which titanium is generally found are: ilmenite (FeTiO3) and 
rutile (TiO2) (3). Besides these there are other sources of titanium such as leucoxene. Ilmenite 
contains 44-70% titanium oxide and rutile 93-96%. 
The main producers of titanium are Russia, the United States, Japan, United Kingdom and 
China. 
Wide use of Titanium did not take place until the second part of the twentieth century. It 
now has a 70 year accumulated experience to guide through its use. Nowadays the primary 
use of Titanium’s alloys is still mainly in aircraft and missiles as they have a low density and can 
withstand high temperatures; but its wonderful properties have not only attracted the 
aerospace sector, other industries and fields such as the chemical industry, medical 
engineering and even the leisure sector have taken interest in this material (2). Another 
potential activity it has is its use in desalination plants due to its excellent resistance to sea 
water.  
Regarding its chemical properties it is worth classifying titanium as a metal, more precisely 
as a transition metal belonging to group IV of the periodic table; as such it is a non-ferrous light 
metal. Most of its properties are determined by its metallic bonding. Its strength is as high as 
steel’s but with a much lower density. Despite being lower than steel’s and with a value of 4.51 
g/cm3 it is the highest density of the light metals. Its low density is one of the things that make 
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it be one of the most important alloying agents with many metals (aluminum, molybdenum 
and iron). 
 
Advantages Disadvantages 
High specific strength (also at high 
temperatures). 
Low hardness. 
High resistance to fracture. Low load bearing capacity. 
Good corrosion resistance. Poor resistance to sliding wear. 
 
Table 1 Summary of properties of Ti and Ti alloys 
 
As already mentioned titanium and its alloys exhibit excellent mechanical properties, which 
along with its low density make them a very attractive structural material for aerospace 
applications. The specific strength of titanium alloys is only exceeded by that of fiber 
reinforced plastics at low temperatures below 300 K (see Figure 1), therefore it is reasonable 
that it is at high temperatures above 750 K where its specific strength has a higher potential 
use and its use is more attractive. (3) 
 
Figure 1 Comparison Specific strength of different materials with respect to temperature (3) 
 
Despite its good characteristics one of its main problems is its temperature range limitation 
due to its oxidation behaviour; this limitation lies in the 540-800℃ range. Above this 
temperature the diffusion of oxygen through the oxide layer is too fast leading to a quick 
growth of the oxide layer and embrittlement of the adjacent oxide layer. (4) 
Titanium is therefore highly reactive with oxygen; this high reactivity leads to the formation 
of a stable oxide layer when exposed to air, which although it gives it a poor oxidation 
resistance, protects the material from corrosion in environments such as aqueous acidic ones, 
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reason why despite having a poor oxidation resistance it has an outstanding resistance to 
corrosion. 
Another property that can be highlighted is its high melting temperature which surpasses 
that of Aluminum, its main competitor in light weight structural applications, giving it a clear 
advantage at temperatures above 150℃.  
 
2.2 Titanium alloys: Classification 
 
Titanium’s alloys have a good combination of properties. Titanium has the ability to crystallize 
into different crystal structures. Each structure is only stable within a certain temperature 
range.  
Unalloyed titanium has two allotropic forms, the low temperature form, , and the high 
temperature form, , with HCP (hexagonal closed-packed) structure and BCC (body centered 
cubic) structures respectively. 
Pure titanium exhibits an allotropic phase transformation at 882.5℃, this temperature is 
what is called the transus temperature where its structure changes from the BCC to the HCP 
crystal structure. The transus temperature is influenced by interstitial and substitutional 
elements, depending on the purity of the metal.  (3) 
 
Stabilizing element Properties 
Aluminum (Al) 
 stabilizer. Reduces alloy density and increases: moduli and tensile 
and creep strengths. 
Tin (Sn) 
 stabilizer. Often used along with Al to increase strength avoiding 
embrittlement. 
Zirconium (Zr) 
Weak   stabilizer. At low or intermediate temperatures increases 
strength. 
Oxygen (O2) Strengthens Ti until around 300℃. Its content should be kept low. 
Molybdenum (Mo)  stabilizer. Promotes high strength and hardness in quenched alloys. 
Niobium (Nb)  stabilizer. Added to improve long term high temperature exposure. 
Silicon (Si) 
Increases strength at all temperatures and has beneficial effects on 
creep. 
 
Table 2 Summary of some of the most important Titanium alloying elements and their effects (5) 
 
The alloying behavior of elements with titanium is defined by their effects on  and . 
Titanium alloying elements can by divided into two types. Elements that when dissolved in 
Titanium cause little change in the transformation temperature or increase it are what are 
called α stabilizers.  Stabilizing elements (Al, O, N, C) take the  phase to high temperatures. 
They are simple metals, such as aluminum or oxygen. Aluminum is considered the most 
important alloying element of the  stabilizers. 
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Alternatively, elements that when dissolved decrease the transus temperature stabilizing 
the  phase are known as  stabilizers (Mo, V, Ta, Nb, Fe, Mn, Cr, Co, Ni, Cu, Si, H);  
stabilizing elements tend to take the  phase to lower temperatures.  In this last case, they are 
transition elements and noble metals.  
Besides these elements there are also important impurity elements, oxygen, hydrogen, 
nitrogen and carbon. Oxygen and hydrogen are the two most important impurities. Oxygen is 
an -stabilizer and hydrogen a -stabilizer. These four impurity elements are referred to as 
interstitial elements because their atomic sizes are much smaller than those of the metallic 
alloying elements and they fit in the spaces (interstices) between the crystallographic positions 
of the metal atoms in the  and  phases. (6) 
The stabilizing elements determine the different phase diagrams of Titanium alloys as can 
be seen in Figure 2. 
 
 
Figure 2 Influence of alloying elements on the phase diagram of Titanium alloys. (3) 
 
Titanium alloys are generally classified by their structure in three groups:	, 	and	 +  
phase alloys. A further subdivision can be made into near- and metastable  alloys. 
 
2.2.1  Phase Alloys 
 
Pure Titanium and most titanium alloys exclusively alloyed with   stabilizing or neutral 
elements belong to this group. The crystallization of this kind of alloys takes place at low 
temperatures and results in an HCP structure.  Titanium alloys are also characterized by being 
anisotropic. 
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Figure 3 Crystal structure of the  phase in Titanium alloys. (3) 
 
Single-phase and near-single phase alpha titanium alloys posses a good weldability. They 
usually have a high aluminum content which provides good strength characteristics and 
oxidation resistance at high temperatures. They have a major drawback which is the fact that 
they cannot be heat treated to develop higher mechanical properties due to the fact they are 
single-phase alloys.  
They have a low easiness to be plastically deformed.  The reason for it is that the HCP 
crystal structure is the structure with the lowest ease to deformation. This is related to two 
main factors: 
• The number of slip systems. 
• The energy needed for the plastic deformation. 
To start off, the number of slip systems is the product of the number of slip planes times 
the number of slip directions. Slip planes and directions of highly dense packed atoms are 
energetically more favorable to plastic deformation, in other words, the higher the amount of 
atoms in the slip plane the easier it will be for the dislocations to guide and then deform. 
Comparing Figures 3 and 4 it can be easily seen how the HCP structure is more packed than the 
BCC, therefore it should be easier for this structure to deform; which contradicts what was 
stated previously. 
Considering the second determining factor it is known that the energy needed for plastic 
deformation is directly proportional to the length of the minimal slip path, which in this case is 
higher for an HCP structure than for a BCC. If the energy needed for plastic deformation to 
take place is higher than for a BCC structure it then makes sense to state that its plastic 
deformation will be harder to take place. (3) 
When small fractions of  stabilizing elements are added to  alloys then near- alloys are 
formed. Near- alloys are heat treatable and stronger than  alloys. Some early examples of 
near- alloys are Ti-6Al-2Sn and Ti-8Al-1Mo-1V. Nowadays there exist more complex alloys 
that have been developed to achieve a higher creep resistance. 
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2.2.2  Phase Alloys 
 
Contrary to   phase alloys, crystallization takes place at high temperatures into a BCC 
structure. They have a high percentage of  stabilizing elements.  Alloys are metastable, this 
means they tend to transform to an equilibrium. These kind of alloys have excellent formability 
and very good response to heat treatment. 
Examples of -alloys are Ti-15Mo-3Nb-3Al-0.2Si and Ti-10V-2Fe-3Al. (7) 
 
 
Figure 4 Crystal structure of the  phase in Titanium alloys. (3) 
 
2.2.3  +  Phase Alloys 
 
This group of alloys is the most used. They are characterized by having a  volume fraction at 
room temperature which ranges from 5-40%. Addition of controlled amounts of beta-
stabilizing alloying elements causes the beta phase to maintain itself longer below the transus 
temperature until reaching room temperature, resulting in a two-phase system. These two-
phase alloys can be strengthened by heat treatment just like -phase alloys. Heat treated - 
alloys are stronger than alpha alloys but their ductility is also proportionally lower. 
If the amount of  stabilizers is increased to a level where  is no longer capable of 
transforming to martensite when quenched, the alloys still belong to the two-phase field and 
are termed metastable  alloys. 
There are elements which are capable of reducing the / transition and stabilizing the  
phase, they can be divided into two subgroups: the -isomorphous (Mo, V, Ta and Nb) and -
eutectic (Fe, Mn, Cr, Co, Ni, Cu, Si, H). (8) 
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2.2.4 Properties of Titanium alloys 
 
The mechanical properties of titanium alloys depend on the relative amounts and distribution 
of the  and  phases; on their volume fraction and their arrangement in the structure. 
Nevertheless, their strength is in any case higher than both  and  alloys. 
As   titanium alloys and   titanium alloys are characterized by having BCC and HCP 
crystalline structures respectively, it is easy to note that the packing of the atoms will be 
denser for  alloys. 
In the following a brief mention to some of the most important general properties of 
titanium alloys will be made, in some cases Ti-6Al-4V will be highlighted due to its importance 
in this project.  
 
WEAR RESISTANCE 
The wear resistance of titanium alloys is quite poor due to their high affinity to oxygen. 
Adhesive wear can occur by the transfer of oxygen towards non-metallic materials. 
Additionally, the HCP structure of the alloys provides them with a high wear coefficient and 
bad tribological properties. A possible way to avoid wear is to use lubrication. 
 
STRENGTH 
 
Different strength levels correspond to different types of titanium alloys. Single-phase  alloys 
have a moderate strength. On the contrary, +  alloys and metastable   alloys can be 
hardened to achieve high strength levels. 
High strength levels unfortunately result in low ductility in metastable  alloys, so unless 
they are age-hardened they will have a ductility similar to that of  and + alloys. The 
ductility is closely related to the microstructure. Equiaxed microstructures usually exhibit high 
ductility and fatigue strength. (3) 
 
FRACTURE TOUGHNESS 
 
This property is strongly dependent on both the microstructure and the aging condition; 
therefore there is no relation with the alloy kind. Coarse and lamellar microstructures show 
high fracture toughness in comparison to fine and equiaxed microstructures. This high fracture 
toughness is caused due to the ability of the structure to deflect propagating cracks along the 
different orientation lamella packets. (7) 
 
MACHINABILITY 
 
Machinability of titanium alloys is considered very poor due to several inherent properties. To 
start off, titanium is highly reactive, making the cutting tool weld when machined, leading to 
early tool failure. Not only this, but when machining titanium alloys tool life has been observed 
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to be very sensitive to the feed and also that when combining a small contact area with a low 
thermal conductivity when machining, high pressures and temperatures are developed, 
creating the need of using low cutting speeds. Additionally, its high strength, which is 
maintained at high temperatures, and its low modulus of elasticity also affect its machinability. 
(9) 
To overcome some of the machinability problems titanium alloys have solutions such as the 
development of suitable cutting tools (straight tungsten carbide, cubic boron and 
polycrystalline diamond; the last two mentioned limited due to their high cost) or the use of 
cutting fluids. (9)- (10) 
 
OXIDATION RESISTANCE 
The application temperature of titanium alloys is limited by oxidation. Titanium dioxide has 
five possible forms in which it may appear in nature; the three most common are rutile 
(tetragonal), anatase (tetragonal) and brookite (orthorthombic). Rutile is the 
thermodynamically stable form of titanium dioxide. Besides the already mentioned it is worth 
pointing out that there are two additional pressure forms (monoclinic baddeleyite and an 
orthorthombic one). (11) 
Chlorides and hydroxides deposited on its surface can accelerate oxidation. (7) 
From all the titanium alloys the ones that have the best combination of properties and a 
higher resistance to oxidation belong to the + and to the near- alloys, although for high 
temperature applications the best ones are TiAl alloys.  
Ti-6Al-4V exhibits a poor oxidation resistance at temperatures above 650℃, creating a thin 
layer of oxide (TiO2) at room temperature. Above 650℃ Ti-6Al-4V becomes hard and brittle 
due to the dissolution of oxygen and nitrogen. The thickness of the oxide layer usually ranges 
from 2 to 7 nm; however the composition and thickness of the oxide scale will depend on the 
environmental conditions. (12) 
The oxidation behavior of Ti-6Al-4V varies in accordance with the temperature (5): 
- From 650-700℃ it follows a parabolic rate law. 
- Above 700℃ it becomes linear. 
- At 850 ℃ it becomes parabolic once more. 
 
To improve the oxidation resistance alloying, pre-oxidation and coating techniques have 
been developed, they will be seen in more detail in Chapter 4. 
 
CORROSION RESISTANCE 
Despite being chemically reactive titanium alloys exhibit an excellent behavior to corrosion 
due to the affinity they have to oxygen, even at room temperature, developing a thin 
protective layer of oxide on top (mainly TiO2).The corrosion resistance of titanium is closely 
related to its ability to create stable oxides (TiO2, TiO, Ti2O3, Ti3O5 and TiO2). Usually after 
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extended oxidation in air or high-pressure O2 atmospheres at high temperatures the 
predominating and detected oxide formed is TiO2. 
This is the case of most oxidizing environments (salt solutions, sulfites and sulfates, nitric 
acid solutions, etc.); in reducing environments however, titanium’s resistance to corrosion is 
not good because the protective nature of the oxide film breaks down. The stability and 
integrity of the protective oxide film can be improved in reducing environments by adding 
inhibitors (oxidizing agents). (1) 
 
Titanium alloys are generally less resistant to corrosion than commercially pure titanium 
(3). Out of the three types of titanium alloys, the ones which tend to oxidize the least are  
alloys. Ti-6Al-4V, for example, has an excellent resistance to corrosion when in an aqueous 
environment. (12) 
 
HEAT TREATMENTS 
Commercially Ti-6Al-4V alloy is heat treated quite often through a variety of treatments. In 
order to soften the alloy and make it easier to machine mill annealing is used. Other heat 
treatments of certain relevance are duplex annealing and aging treatments. (7) 
In Figure 5 a brief summary of the properties of Titanium alloys (, 	and	 + ) that have 
been mentioned above is made. 
 
 
 
Figure 5 Summary of the properties of the different Titanium alloys. (3) 
 
From the previous it can be concluded that in comparison to  alloys  are characterized by 
(3): 
• A higher resistance to plastic deformation. 
• Reduced ductility. 
• Anisotropic mechanical and physical properties. 
• A lower diffusion rate (about two orders of magnitude). 
• Higher creep resistance. 
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As the main  stabilizing element is aluminum, and its density is only half of titanium’s 
specific weight,  alloys have a lower density than  alloys. Additionally, usually  alloys are 
alloyed with heavy elements such as Mo and V, which accentuate this difference even more. 
 
2.3 Ti-6Al-4V 
 
Ti-6Al-4V was initially developed in the 50s and mainly used in compressor blades and gas 
turbines. Its development took place in the Technological Institute of Illinois, in the United 
States. Nowadays this kind of Titanium alloy accounts for more than 50% of all the Titanium 
tonnage in the world. 
 Up to the present day there are more than a hundred different titanium alloys but there 
seems to be no other alloy that threatens its primary position. Its use is especially widespread 
in the aerospace industry representing its use more than an 80% of the total use. The next field 
where its application is significant is in the medical sector, especially in the use of prostheses, 
being this 3% of the market. There are other sectors which use it as well, but in lower 
amounts, they are the marine, chemical and automotive. (4) 
Ti-6Al-4V is unique in the fact that it combines attractive properties with inherent 
workability, allowing it to be used for both small and large-sized products, good shop 
fabricability, production experience and commercial availability. This is what makes it be the 
reference of comparison with other alloys. One of its outstanding properties with respect to 
other titanium alloys is the fact that it is heat treatable. (7) 
Studies on this alloy and modifications of its composition have been made, making it be one 
of the most studied titanium alloys, especially in the aerospace sector. 
Regarding its structure, Ti-6Al-4V is an alpha-beta alloy with a chemical composition of 6% 
aluminum, 4% vanadium in weight and a maximum amount of iron and oxygen, 0.25% and 
0.2% respectively. Ti-6Al-4V is characterized by being significantly stronger than commercially 
pure titanium, but is has a lower thermal conductivity. (13) 
Ti-6Al-4V can exhibit different microstructures depending on the thermomechanical 
treatment applied. Microstructures will be different if heat treatments are performed above or 
below the  transus temperature (see Figure 6 with the  transus temperature and the 
indications of the different phase fields). When annealing above the transus a fully lamellar 
microstructure is created. The equiaxed or bi-modal microstructure on the other hand, results 
from a recrystallization annealing below the	 transus temperature processes. Additionally, 
the microstructures can be fine or coarse (3), (14)- (15) 
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Figure 6 Pseudo-binary equilibrium phase diagram for Ti-6Al-4V. (7) 
 
Typical uses of Ti-6Al-4V in the aerospace sector include pressure vessels, aircraft 
compressors and turbine blades and disks.Ti-6Al-4V is generally used in temperature 
conditions up to 400℃. A brief summary of some of its most important properties can be seen 
in Table 3. 
 
Properties of Ti-6Al-4V  
 transus Temperature (℃ ) 995 
Density (kg/m3) 4420  
Young’s Modulus (GPa) 110-140 
Tensile Strength (MPa) 900-1200 
Yield Strength (MPa) 800-1100  
Hardness (HV) 300-400  
%EI 13-16 
KIC (MPa m
1/2) 33-110 
 
Table 3 Elementary properties of Ti-6Al-4V (2), (13) 
 
The substrate used for the analysis of oxidation is this one.  Ti-6Al-4V in its wrought form 
was provided as a sheet.  
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2.4 Extraction of Titanium and its alloys 
 
Extraction of pure titanium is a difficult task, for this reason its use wasn’t as extended until an 
effective production method was found in the twentieth century. The difficulty in the 
extraction of pure titanium lay in the high reactivity this metal has with oxygen, nitrogen and 
carbon at elevated temperatures. (1) 
There are several different processes for extracting titanium from the mineral as the Kroll 
Process, the Hunter Process, Electro-deoxidation Process, the Van Arkel-de Boer method, the 
Armstrong process …; however from all the extraction processes used the only that has 
survived for economic reasons, despite its high economic cost, is the Kroll process. In some 
countries like the UK other processes as the Hunter process are still in use. (8) 
 
 KROLL PROCESS: 
 
The process takes place in large sealed steels vessels in an inert argon atmosphere to avoid 
contamination by air or moisture of the final product.  In the Kroll process rutile (TiO2) is 
converted into titanium sponge through a series of steps (3)- (4).The first step is chlorination of 
the ore to produce titanium tetrachloride (TiCl4).  
 
 + 2 +  →  +  
Equation 1 Chlorination reaction: Kroll process 
 
Liquid TiCl4 is then purified by fractional distillation and reacted with Mg to obtain titanium 
sponge. A sponge made of titanium is formed in the wall of the vessel. The final product is 
obtained by compaction of the sponge. (16)- (17) 
 
2	 +  → 2 + 	 
Equation 2 Reaction to obtain Titanium 
 
 
Figure 7 Schematic diagram of the Kroll process. (18) 
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 HUNTER PROCESS: 
The Hunter process was used before the Kroll process. The operating procedure is similar to 
the one followed in the Kroll process but instead of using magnesium (Mg) as reducing agent 
sodium (Na) is used. The resulting sponge would be granular so its compaction would be 
easier. 
 
 ELECTRO-DEOXIDATION PROCESS: 
 
An example of a more up to date extraction process is this one. This method of extraction is 
an electrolytic method for the direct extraction of metals from the original cathode by 
separating oxygen from the titanium ions by using a molten bath of CaCl2 and a graphite 
anode. Two different mechanisms were used to describe the electrochemical process: the FFC 
Cambridge and the OS. (19) 
 
On the contrary of the Kroll process the FCC process is continuous and it starts off directly 
from titanium oxide, which allows obtaining titanium at a lower cost. For these reasons it is 
being extensively studied.  
 
2.5 Applications of Titanium and its alloys 
 
The wonderful properties of titanium and its alloys make it be one of the metals with a wider 
range of applications and in a large variety of sectors, some of which will be briefly mentioned 
below.  It is a very versatile metal which can be used in a variety of different things, from 
buildings (as the Guggenheim) to golf clubs. Despite this large variety of fields of application it 
is worth pointing out that it is the Aerospace sector, with 50% of the worldwide titanium 
consumption the one in which titanium alloys gain most importance. 
The incorporation of titanium in all of the most important sectors worldwide is due to two 
of its most outstanding properties: low weight and corrosion resistance. 
 
2.5.1. Aerospace Sector 
 
Attempting to decrease expenses and energy consumption the Aerospace is one of the sectors 
with the most up-to-date technology and involved in the development of new materials. For 
this reason it is the sector in which Titanium and its alloys play the most dominant role. Weight 
saving in this field is very attractive; 1 kg saved can be more than 1000 euro in the case of large 
aircraft and even up to 10000 euro in the space sector. (20) 
The relevance of decreasing weight has led to studies on the materials which would be 
more suitable for weight-saving. The properties needed have been analyzed reaching the 
conclusion that the best option would be to use materials with a lower density. The decrease 
in density causes a proportional decrease in weight of the same amount. This fact highlights 
the importance of the use of light materials in the Aerospace Industry. 
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Comparing titanium with steel and aluminum alloys, it is clearly a younger structural 
material. The first alloys that were developed were in the 40s; among them was Ti-6Al-4V.   
Some of the drivers for the use of titanium alloys is the Aerospace Industry are: weight 
reduction, temperature application and corrosion resistance (substituting steels and aluminum 
alloys). 
Although in the past decades the use of titanium in different aircraft components has 
increased, in large commercial aircraft the main component in which titanium still remains 
mostly used is the engine, especially in gas turbine engines. Approximately one third of a 
modern turbine engine is made of titanium. Nowadays in other components, such as the 
fuselage, it can comprise 9% of the airframe (Boeing 777). In other parts of the aircraft using 
titanium alloys allows increasing the component’s life cycle, this occurs for example in the 
landing gear. Typical proportions in which titanium is used in the airframe and the engine of 
aircraft can be seen in Figure 8. 
Examples of how it has replaced steel are for example in hydraulic tubing. This change has 
allowed a 40% weight reduction. 
Despite being of great importance, the use of titanium alloys in commercial aircraft is not as 
important as its use in military aircraft. In the former its proportion can exceed 50%, as in the 
“Blackbird”, which had 95%. Reasons for using them in this field may be kinetic heating from 
the surface skin that reaches temperatures which aluminum alloys can no longer stand. 
 
 
Figure 8 Percentage of materials in large modern aircraft. (20) 
 
As the trend to increase the amount of titanium used has increased, the kind of alloy used 
has also varied.  At first +	alloys were the most used kind of alloys, but now they have been 
replaced by elevated temperature near  alloys. 
The first engine components made of titanium alloys were compressor blades, nowadays 
even front blades of modern jet engines are made of titanium alloys. It is true, though; that 
some companies as General Electric have started using fiber reinforced polymer composites 
with the purpose of reducing weight, however, titanium is still used in the leading edges of the 
blades to avoid erosion. 
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Regarding Ti-6Al-4V, its temperature limit is around 315℃ therefore it is used for fan blades 
and disks as they are used at low temperatures. Ti-6Al-4V can also and is still used in the low-
pressure compressor where the temperatures reached are not too elevated; as the 
temperature increases in the high-pressure compressor other kind of titanium alloys, more 
suitable, are used, near- alloys. The temperature limit imposed for near- alloys is 540℃, this 
limitation is due to the moderate oxidation resistance. For this reason the compressor parts 
subjected to the highest temperatures, blades and disks at the last stages of the compressor, 
have to be made from Ni-based superalloys at twice titanium alloys weight to be able to stand 
these extreme temperatures. (20) 
Moving on to helicopters, titanium alloys are also of use, especially in the most highly 
stressed components, as the rotor head. Eurocopter BO 105 and BK 117 helicopters use forged 
Ti-6Al-4V in their rotor heads. 
Titanium alloys are also of great importance in the space sector, where even in the time of 
the Apollo and Mercury programs they were already widely used. 
The last 40 years have allowed huge developments on the maximum temperature for 
titanium alloys. This has allowed rising the limiting temperature of titanium alloys from 300 to 
600℃. In engine locations at even higher temperatures TiAl alloys are used due to their 
excellent creep resistance, another important aspect of these kind of alloys is that they 
minimize the risk of titanium fire. TiAl alloys are being extensively studied due to their lower 
density than conventional titanium alloys, higher melting temperatures and moduli, some of 
their current limitations are the tendency of oxide scales formed at temperatures above 871℃ 
to spall when cooled down. (7) 
 
2.5.2. Biomedical Sector 
 
Just as in the Aerospace sector, titanium alloys are very attractive in the biomedical sector. Ti-
6Al-4V is one of the alloys most extensively used, unfortunately awareness on the fact that the 
released vanadium and aluminum may result toxic to the health has taken place and new 
alloys have started being used instead, for example Ti-6Al-7Nb.  
The reason why titanium alloys are favored in this sector as well is their excellent corrosion 
resistance. However, this one is not the primary one but biocompatibility, which in this field is 
of even more importance. Titanium is from all the biomaterials the newest.  
The biocompatibility of titanium is related with its oxides. The properties resulting in 
biocompatibility are (21): 
- Low level of electronic conductivity. 
- High corrosion resistance. 
- Low ion-formation tendency in aqueous environments. 
- An optimum iso-electric point of the oxide of 5-6. 
- Thermodynamic state at physiological pH values. 
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In the case of Ti-6Al-4V its biocompatibility is especially good when in direct contact with 
bone or tissue. Although it does comply with the two most important requirements it has a 
disadvantage related with its poor shear strength. Sadly, this makes it less appropriate for 
bones screws and plates. 
Making the most out of its non-reactive properties (inertness) some of the most common 
uses of titanium alloys in this field are implants to replace failed tissue, and dentistry, in 
crowns, bridges, etc. 
 
2.5.3. Chemical Industry 
 
Titanium is a material that has a high affinity with oxygen and any moisture present in air, this 
makes it be a highly reactive material and posses an excellent corrosion resistance due to the 
formation of a thin oxide film on its surface, this thin film is always there and when damaged 
immediately regenerates keeping it protected. This high resistance to corrosion makes it be an 
ideal material for use in aggressive environments. (3) 
At first titanium’s use in this field was basically restricted to oxidizing chloride 
environments, whereas nowadays titanium is used in areas with acetic, nitric acids, wet 
bromine, and acetone. Titanium is ideal in those areas where stainless steels can no longer 
provide an adequate corrosion resistance. 
Being used in chloride environments does not make titanium totally unaffected by these 
operating conditions. Ti-6Al-4V, for example, is susceptible to chloride, but despite this it still 
remains as one of the most resistant alloys to it.  
Some of its main applications in the field of chemical engineering are for containers, 
pumps, heat exchangers, pipes…  
 
2.5.4. Automotive Industry 
 
The use of lightweight materials in this field, such as titanium, has an important issue in hand, 
the cost. However, using lighter materials would allow a decrease in the fuel consumption. 
The first time titanium was used in the automotive industry was in the mid-fifties, this car 
was not sold but the construction of its entire outer skin out of this material made the titanium 
industry set as goal the objective to enter the automotive industry. At first its use was limited 
to racing cars and sports cars from which excellent performances were expected. In the late 
90’s Toyota introduced titanium engine valves in its cars for the first time, soon after titanium 
started moving on to other components such as titanium spring coils. (22) 
Despite its cost titanium has nonetheless been extensively used in race cars where cost is 
not as important. Titanium has a great potential in many car components, some of which can 
be seen in Figure 9, besides those seen there they can also be used for many engine and 
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Ti-Al compositions would seem appropriate for components which are subject to high 
temperatures as exhaust valve, whereas Ti-6Al-4V would be adequate for components at 
lower temperatures that require certain mechanical properties. Use of the previous mentioned 
titanium alloys has already been carried out with successful results in both cases. In 1998 the 
Toyota Altezza was the first car to use titanium valves, using Ti-6Al-4V for the intake valve and 
TiB/Ti-Al-Zr-Sn-Nb-Mo-Si for the exhaust one. Ti-6Al-4V is also used quite frequently for 
fasteners. Regarding -TiAl, its use in valves would specially lead to a pronounced reduction in 
mass, allowing a 10% increase in the engine speed and also have the advantage of reducing 
valve chatter at high speeds. 
 
Figure 9 Potential automotive applications of titanium. (22) 
 
Among the most promising applications of titanium in this field is the use of its alloys for 
cars’ exhaust pipes and their suspension springs. 
 
2.5.5. Sports and Leisure 
 
The fact that titanium is considered a supreme metal makes it be used as candidate when 
trying to develop instruments, tools or anything where a high-performance is required. Some 
examples of their use in the field of sports and leisure are in the head of golf clubs, in bicycles, 
in scuba diving equipment. (3) 
In golf, a titanium head, given its low weight allows making larger heads and still maintain 
the lightness expected from it allowing the player to obtain larger distance while applying the 
same force in his swing. The typical preferred titanium alloy that is used for golf club heads is 
Ti-6Al-4V. 
All of the applications mentioned for titanium are just a brief overview of the many uses 
titanium has in our everyday lives which we may be unaware of, but besides them other 
simpler uses of Titanium are also known such as in jewelry, architecture or even in toothpaste. 
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2.6 Future trends of titanium 
 
Titanium represents a small amount of the worldwide metal market. From the total amount of 
titanium produced, 45% is used in the Aerospace sector, mainly in engine-components, 
another 45% for industries that require a high corrosion resistance, and the remaining 10% is 
used for the new needs created by emerging markets. (23)- (24) 
The expense of titanium and the presence of highly qualified competitors make the 
increase in the use of titanium uncertain. According to the industry in which it is being used, 
different competitors, not always cheaper than titanium, are encountered. In the Aerospace 
Industry, for instance, the main competitors of titanium at high temperatures are superalloys 
and at low temperatures fiber carbon composites. In Aircraft like the A350, the material 
distribution is 14% titanium, 53% composite, 6% steel, 19% aluminum alloys and the remaining 
8% of other materials. Other aircraft like the Boeing 787 Dreamliner exhibit similar 
proportions. To exemplify numbers in terms of weight and get an idea of the figures we are 
dealing with we can mention that the A380 uses 67 tonnes of titanium in its body and 10 
tonnes in its engines. 
Before the Global Financial Crisis (GFC), 2007-2008, the titanium demand was expected to 
grow rapidly until 2020. These predictions were affected by the GFC and the titanium demand 
decreased. Recent reports made have predicted a recovery and subsequent growth in its use. 
(24) 
Titanium is expected to be the material of use for aerospace fasteners until 2018. The 
global demand of titanium fasteners for both commercial and airframe applications is 
projected to double in the near term mainly due to its favourable strength-to-weight ratio 
advantageous over ferrous, aluminum and nickel alloys. Not only this, but the new aircraft 
B787, A350 and A380 contain larger amounts of titanium than the older aircraft; and as the 
world fleet of airplanes is expected to double by 2029 the tendency expected would lead to an 
increase in the demand of titanium. (25) 
In the automotive industry the main competitors are steel alloys, and although titanium’s 
properties may be superior the cost still leaves the former behind, making its widespread use 
in this sector quite improbable. However, an attractive way to increase the use of titanium 
would be to enhance the use of Ti in the automotive industry would be to use Ti composites. Ti 
composites allow overcoming wear limitations of Ti and obtaining good moduli of elasticity. 
Although titanium sponge is also expensive, although less than titanium pieces, the 
titanium sponge production also expects a 27% increase until 2015. 
The sectors mentioned previously are quite sensitive to the economy and to cost, therefore 
it makes sense to expect the highest growth in areas were cost is not as important as the 
leisure sector, the biomedical industry or in sport articles. (26) 
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CHAPTER 3: MAX-PHASES 
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3.1 Introduction to MAX-PHASES: Brief historical review and State of 
the Art 
 
Few materials are capable of combining characteristics typical of ceramics, such as high 
temperature and oxidation resistance and stiffness with those of metals, such as machinability, 
damage tolerance and good thermal and electrical conductivity. It turns out that a material 
with such combination of properties was discovered in the 60’s by Nowotny and his coworkers 
(27).The materials found were a number of nitrides and carbides with a behavior like no other 
known before. These materials proved to be stiff, lightweight, machinable, relatively 
inexpensive and most important of all; they allowed reaching temperatures beyond 
1300°C.The discovery took place when Nowotny and his coworkers were synthesizing a large 
number of carbides and nitrides due to their good mechanical properties. 
In their accomplishment more than 100 new carbides and nitrides were discovered. Out of 
all of them more than thirty were classified as H- or Hägg phases (28). These Hägg phases have 
a M2AX chemistry with M2X layers interleaved with layers of pure A. 
The next important discovery took place in 1967, when Ti3SiC2 and Ti3GeC2 were discovered 
(29)- (30). The structure of these new materials is closely related to the M2X structure, having 
in this case M3X2 layers separating the A layers. It wasn’t until Ti4AlN3 was discovered that it 
became obvious that these phases shared a common structure which gave them similar 
properties. It was at this time when the complete group of materials was definitely termed 
MAX phases (in the year 2000). (31) 
MAX phases (Mn+1AXn) belong to the family of layered ternary compounds given their 
layered nature and their three elements composition. Their three elements are M, an early 
transition metal, A, a group A element (belonging to group III, IV or V from the periodic table) 
and X is either carbon or nitrogen (see Figure 10). When the discovery took place it was 
believed that the values of n ranged from 1-3, since then reports of phases with n=4 and n=5 
have occasionally been reported. 
In the 90’s Ti3AlC2 was added to the group by Pietzka and Schuster (32)- (33). After that, not 
many updates on new MAX phases were made. However, quite recently this changed with the 
discovery of new nine phases (34). 
Not so long ago these phases were considered an uncharted category of solids due to 
uncertain nature, but as time went on and studies on their properties were made, they started 
drawing attention due to their unusual properties.  
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Figure 10 Elements in the periodic table that react to form MAX phases. (35) 
Note: The red squares represent M-elements, the blue A elements and the black or X is C or N. 
The currently known phases are 211, 312 and 413. The first two discovered in the 60’s by 
Nowotny and his coworkers. 
 
Until 2004, more than 50 M2AX phase compounds had been identified, only three M3AX2 
compounds (Ti3SiC2, Ti3GeC2 and Ti3AlC2) and one M4AX3 compound (Ti4AlN3). In the last ten 
years up to nine MAX phases have been reported. Further investigations since then have found 
other possible probable stable phases Ti4AlC3, V4SiC3, etc. which have been identified although 
there still remains need of confirmation by experimental work of them being stable phases. 
(36) 
MAX phases are a somewhat uncertain kind of material with both metallic and ceramic 
properties; their classification is still unclear. These carbides and nitrides posses unusual and 
even unique physical, chemical, mechanical and electrical properties. They are electrically and 
thermally conductive, machinable, not susceptible to thermal shock, plastic at high 
temperatures and exceptionally damage tolerant. A brief summary of the combined properties 
of both sorts of materials can be seen in Table 4. 
 
Metal properties Ceramic properties 
Machinable Refractory 
Thermally and electrically conductive Oxidation resistant 
Resistant to thermal shock Stiff 
Plastic at high temperatures Light 
 Relatively low thermal expansion 
 
Table 4 Ceramic and metallic properties of MAX phases 
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Besides the properties mentioned above some MAX phases like Ti3SiC2 and Ti2AlC are 
elastically rigid, lightweight, creep, fatigue, oxidation and corrosion resistant and maintain 
their strengths at high temperatures. It is worth mentioning, given the fact that they will be 
used to coat a titanium alloy in this project, that most of the MAX phases are better electric 
and thermal conductors than Ti. 
From all the properties MAX phases have, there’s one of utter importance due to the 
implications it comes along with, its machinability. The ease of machinability allows first of all 
fabricating cheap prototypes, which results in saving money; secondly in cases where very 
tight tolerances are required they manage to prevent the post-machining step that usually 
needs to take place; and last of all it facilitates joining. 
Three of their properties characterize the unique way they deform in comparison to other 
solids, especially to layered solids. They are:  
• The metallic-like nature of the bonding. 
• Basal dislocation slip. 
• The unique combination of kink and shear band formation joined with the 
delaminations of individual grains. 
 
Figure 11 Crystal Structures of MAX phases. (37) 
 
Note: The blue atoms correspond to the A-group element (for the phases we are working with 
either Si or Al), the red ones represent Ti and the black ones are the carbide. 
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It is not any particular property of MAX phases what is expected to make them 
revolutionary, but rather, the combination of all of them. Unfortunately, their synthesis 
process both in bulk and powder form is quite complex and the cost of these powders is 
between $500 per kg. (38) 
Bulk synthesis of these carbides has been done by a large variety of processing techniques, 
some of which include: Hot isostatic pressing (HIP), Spark Plasma Sintering (SPS), Combustion 
Synthesis (SHS), Slip Casting (SC) or Pressureless Sintering (PS). In addition to pure MAX phases 
the number of solid solutions is greater, being this a promising way to discover new MAX 
phases. 
When their discovery was made the field where their impact was expected to have the 
greatest potential was the transportation one, given the need to improve the efficiency of 
planes and cars beyond the current performances. 
Some of the potential MAX phase applications considered are their use in heating 
elements, gas burner nozzles in corrosive environments, high-temperature bearings and 
diamond/Ti3SiC2 composites for dry drilling of concrete. (35) 
The most studied phases up to the present date are Ti3SiC2, Ti2AlC and Ti4AlN3.Though the 
investigations carried out have lightened the way the path ahead in the study of MAX phases is 
still very long and many mysteries still await to be solved. 
 
3.2 Synthesis of MAX phases 
 
MAX phases have many ways in which they can be processed, as bulk materials, powders, 
porous foams, coatings and thin films. The three main possible forms in which MAX phases can 
be synthesized will be described in what follows. (39) 
 
3.2.1. Synthesis of bulk MAX phases 
 
At the beginning the procedures used to synthesize MAX phases were based on either the 
reaction of gaseous reactants at temperatures of the order of 2273 K or involved Chemical 
Vapor Deposition (CVD) (29), (40)- (41) These processes where not practical for the production 
of bulk MAX phases. Later techniques used were Hot Isostatic Pressing (HIP) or the latter 
combined with combustion synthesis. These processes had the drawback that unwanted 
phases as TiC also formed, but the quickness of the reaction developing from the combustion 
synthesis was so attractive that although the trade-off made was quality vs. speed these 
techniques spread soon enough for the synthesis of other MAX phases as Ti2AlC and Ti3GeC2. 
Bulk MAX phase synthesis was also attempted by Pulsed Discharge Sintering (PDS). This 
process is similar to HIP by holds several advantages over the previous. By PDS synthesis it only 
took a few minutes to obtain single phase, fully dense compounds, starting off from different 
molar ratios of reactants Ti/SiC/C (42)- (43)- (44)- (45),Ti/Si/TiC (42), (46), Ti/Si/TiC (40)- (41)- 
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(42)- (43), Ti/SiC/TiC (47)and Ti/TiSi2/TiC (48).  HIP and PDS hold the drawback that they cannot 
be easily applied to mass production. (31) 
A more economical method is pressureless sintering. When developed at first, mechanical 
alloying was used; this caused the creation of a high amount of unwanted phases. Sun et al. 
eventually discovered an effective method of achieving a high purity by this method. It was 
later discovered that an effective way to improve density and formation of the target phase 
was achieved by adding small amounts of Al. (49) 
 
3.2.2. Synthesis of MAX phase films 
 
The first deposition method used for MAX phase films was CVD. This method was not very 
effective resulting in the formation of single phase samples with strange properties and later 
failed to create single phase films. Physical Vapor Deposition (PVD) methods however, were 
successful. By magnetron sputtering Ti3SiC2 and the Ti-Al-C, Ti-Al-N and Ti-Ge-C systems were 
able to be synthesized (50)- (51)- (52)- (53)- (54). Besides the already mentioned, pulsed 
cathodic arc, plasma sprayed coatings and high velocity oxy fuel spraying techniques have also 
been used. 
Formation of thin phase films usually takes place at high synthesis temperatures limiting 
their potential industrial use. Lower temperatures, in the 300 ℃ range create nanocomposite 
films which are very promising for coating electrical friction contacts due to their good 
electrical conductivity and resistance to wear and corrosion. MAX phase films are not yet 
applicable for deposition on large areas but there is the perspective that not far from now this 
limitation will be overcome. (55) 
 
3.2.3. Synthesis of MAX phase powders 
 
Synthesis of MAX phase powders is an excellent alternative to bulk synthesis and allows an 
increase in the applications related with the synthesis of MAX phase composites. MAX phase 
powder can be obtained from porous samples or made directly in this form. The first Ti3SiC2 
powders that were synthesized were done by the combustion reaction process. To obtain 
good MAX phase content in the powders variations were done to the previous. By a fluctuation 
synthesis method or a solid-liquid reaction process with NaF (sodium fluoride) addition 
powder of less than 85 wt.% can be obtained. Higher purity powders can be achieved by 
isothermal heating of Ti-Si-TiC powder mixtures. The typical size of the particles obtained by 
this method ranges from 2-4 µm. (56) 
Both Ti3SiC2 and Ti2AlC powders, which have been used in our experiment, are patented 
and registered as Maxthal 312 and Maxthal 211 respectively. The properties of these powders 
are given by the Swedish Ceramics Institute in Gothenburg, Sweden and can be seen in Table 
5.The powders are obtained by isothermal heating. According to what is stated in the patent 
the process in order to obtain the 312 powders three main components are required for the 
initial powder mixture: 
34 
------- María García Colón ------- 
1. A transition species (M): In this case Ti. 
2. A co-metal (A): Si 
3. A non-metal (X): C 
Usually the starting point of the powders is also a powder mixture. The particle sizes will 
vary according to the component we are dealing with. The transition metal species will have an 
average particle size ranging from 1 to 100m, the co-metal from to 0.1 to 80m and the non-
metal from 0.1 to 100	m.  To obtain a single pure phase 312 the phase content of the phase 
obtained ought to be about 95 vol.% or more.  
The powders are then mixed for about two hours thoroughly with a machine to obtain an 
homogeneous mixture. They are then heated in a controlled way to a temperature around 
1300-1550℃, the heating rate should be lower than 25℃/min otherwise ignition of the 
powder mixture could occur. The sealed zone in which the mixture is heated should contain a 
minimum amount of O2, maximum 1×10
-8. The sealed atmosphere usually contains a noble gas 
such as Argon. By following this process the powders will be formed after the heating process 
and if wanted they could be sintered to form bulk phases. The stoichiometry obtained in the 
final powders is 3:1:2. (56) 
The process followed to obtain Maxthal 211 is similar; the only variation will be the starting 
point powder mixture. 
 
 
Table 5 Properties of Maxthal 211 and 312 powders. Source: Swedish Ceramics Institute. Gothenburg, Sweden. 
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Figure 12 Maxthal 211 and Maxthal 312 Powders fabricated by Sanvik heating technology, Sweden (38) 
 
3.3 Background on Ti3SiC2 and Ti2AlC 
 
3.3.1. Ti3SiC2 
 
On the contrary to most MAX phases Ti3SiC2 has an elaborate history. The discovery of Ti3SiC2 
took place when fabricating hard borides and carbides. In an attempt to improve the poor 
oxidation resistance exhibited by the later Bo was substituted for Si, this change seemed to 
solve the problem and led to the study of Ti-C-Si systems, eventually leading to the discovery 
of Ti3SiC2 in 1967. (37) 
Already when discovered Nickl et al. (57) noticed it was clear that it was not like other 
carbides for the fact that it was too soft. Additionally, it was discovered that its hardness was 
an anisotropic property of the material, opposite to that of other carbides. Twenty years later 
the results obtained initially were corroborated by Goto and Hirai (41). 
 
BULK SYNTHESIS  
Ti3SiC2 was synthesized for the first time in 1967 by Wolfgang Jeitschko and Hans Nowotny at 
Vienna University; its structure was also studied. It was not until 1972 when a polish group 
guided by Roman Pampuch in Poland got close to obtaining a single-phase bulk sample; they 
were able to achieve 85% volume purity. (37) 
As Ti3SiC2 is a material that doesn’t melt, what it does is it decomposes in non-stochiometric 
TiC and Si, which evaporates. It is stable up to 1600℃ either in vacuum or in an Ar atmosphere, 
but its stability decreases when placed in a N2, O2, CO and CO2 atmosphere. When exposed to 
the atmosphere it is stable to oxidation up to 1100℃. Synthesis of Ti3SiC2 has been developed 
by processing of different starting products. A recent work on the topic has been done by Jóse 
M. Córdoba et al describing different synthesis procedures. (58) 
Usually, the starting materials used for its synthesis are: 3Ti/Si/2C, 3Ti/SiC/C, Ti/Si/2TiC, 
4Ti/2SiC/TiC and 2Ti/2Si/3TiC. 
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Standardization of the synthesis process is not possible because in every process used to 
synthesize Ti3SiC2 different proportions of other phases are formed as well (TiC, SiC, TiSi2 and 
Ti5Si3) 
The methods used to process it are those mentioned in the introduction. Although the 
synthesis of this phase has been one of the main topics of research results obtained by 
different people are easily misinterpreted and in many cases they can turn out to be 
contradictory. Different authors, for example propose different global reactions for its 
synthesis. Below we can see the two mentioned by José M. Córdoba and Wu et al. (see the 
table below). 
 
DIFFERENT SINTHESIS MECHANISMS PROPOSED 
Wu et al.→ From it we can Ti3SiC2 seems to be able to nucleate on top of TiC or Ti5Si3C 
crystals. (59) 
 
 !" + #$"% + #% → &!"% + !"'$"#% + % → #!"#$"%( 
 
José M. Córdoba→ Ti3SiC2 only grows on Ti5Si3Cy by diffusion of C and Ti atoms. (58) 
 
!"'$"#%) + !"%*+, + # + , − )% → 	(!"#$"%( + $" ↑ 
 
 
Table 6 Proposed synthesis mechanisms for Ti3SiC2 (60) 
 
Despite the different mechanisms proposed, something they both agree on is the fact that 
Ti5Si3Cy, with variable carbon content, is of major importance in the formation of Ti3SiC2; being 
found as a subproduct in nearly all MAX phases. 
 
PROPERTIES 
Experiments with these samples showed that Ti3SiC2 is quite stiff, being almost 3 times as stiff 
as Titanium with the same density (done with the samples from Pampuch’s bulk synthesis). 
Other outstanding properties of MAX phases (of this MAX phase in particular) are (37): 
- Regarding their oxidation resistance (up to 1400℃): after leaving a sample over the 
weekend at 1000°C showed it had gained less than 1% weight, proving it was able to 
resist oxidation. 
 
- Resistance to thermal shock: Heating the material to high temperature and then 
quenching it in water (the higher the heating temperature the more probable it is the 
material will shatter) they showed that even at 1400 °C the material was able to 
survive, but also, that its strength increased after quenching. 
 
- High Young’s modulus (~ 325 GPa). 
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- Relatively low hardness (4-5 GPa). 
 
- Machinability: It is as machinable as graphite (once you break through the hard crust 
of TiC). 
This is just an overview of the properties which will be seen in a more detail in section 3.4. 
Titanium silicon carbide has an odd nature even when compared to other phases.  On the 
one hand the metallic properties it possesses are being machinable, thermally and electrically 
conductive, resistant to thermal shock and plastic at elevated temperatures, whereas on the 
other hand, being refractory, oxidation resistant, quite stiff and relatively light are properties 
that correspond to ceramics. Another property that makes it closely related to ceramics is its 
coefficient of thermal expansion, which is low, being more similar to that of ceramics than of 
metals (see Table 4). 
Similar compounds, which behave like Ti3SiC2, known as 312 compounds, have been 
identified. They are Ti3GeC2 and Ti3AlC2. In the 80’s Ti3SiC2 started to be extensively studied, 
revealing some of their mechanical properties.  
The importance of MAX phases and the ignition of their worldwide research was detonated 
by the amazing properties discovered in Ti3SiC2. But not all is advantageous, Ti3SiC2 already has 
several disadvantages. To start off it is quite brittle at room temperature, something that could 
be solved by orienting the grains. It is quite clear that study of these phases will be focused on 
their microstructure and how it affects its material properties, on their effect in solid solutions 
and on their behavior as reinforcement phases, to be able to improve the properties which are 
of major interest in each case. 
 
3.3.2. Ti2AlC 
 
Ti2AlC belongs to the 211 MAX phase group, also called H phases at the beginning. The 
structure of the H phases is made up of layered and hexagonal M2X layers combined with 
layers of the pure A group element. The history of this group of phases of quite brief and is 
mainly reduced to the synthesis of Ti2AlC and Ti2AlN by Russians in the 70’s and the description 
of Ti2AlC and Cr2AlC in two Russian reports, besides that not much information has been 
reported. 
From the MAX phases Ti2AlC along with Ti3AlC2 are the most light-weight and oxidation 
resistant layered ternary carbides, making them be promising in many applications related 
with high temperature applications. They display superior properties such as fracture 
toughness, electrical and thermal conductivities, and oxidation resistance over their binary 
counterpart. (61) 
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3.4 Crystal Structure 
 
MAX phases are layered hexagonal crystal structures with two formula units per unit cell. Their 
general formula is Mn+1AXn (where n=1, 2 or 3 for sure up to the current date). The general way 
in which these materials are referred to is as 211 (n=1), 312 (n=2) and so on. In the 
nomenclature used M is the transition metal, A the group element and X nitrogen or carbon. 
According to the X element that the MAX phase holds they can be called either MAN, if the X 
element is nitrogen or MAC if it is carbon.  
Transition metals known to form MAX phases are: Sc, Ti, V, Cr, Zr, Nb, Mo, Hf and Ta. The A 
group element denomination owes its notation to the old CAS notation used (old American 
nomenclature for the periodic table), this element is one of those seen in columns 13 to 16 in 
the periodic table (Al, Si, Ge…). 
Ti2AlC and Ti3SiC2 are structurally related to ternary carbides, they crystallize in the 
P63/mmc (Wyckoff Positions of group 194) space group. A summary of its crystallographic 
information can be seen in Table 7.  
Their crystal structure can be seen as an alternative stacking of edge-shared M6X octahedra 
(Ti6C in our particular case) and two-dimensional close-packed Al plane. The only changing 
parameter in both structures is the number of stacked Ti layers in every Al-/Si- plane. For n, 
the A-layers are separated by n+1 M-layers. Therefore for Ti2AlC n=1 the number of Ti in each 
Al plane is two and for Ti3SiC2the number of Ti layers in each Si plane it is three (see Figure 11). 
 
Compound  
Lattice 
parameters 
Atoms 
Wyckoff 
positions 
Internal 
coordinates 
Ti2AlC 
a=0.304 nm 
c=1.360 nm 
Ti 
Al 
C 
4f 
2d 
2a 
1/3 
1/3 
0 
2/3 
2/3 
0 
 
0.086 
3/4 
0 
 
Ti3SiC2 
 
a=0.3075 nm 
c=1.858 nm 
 
 
Ti(1) 
Ti(2) 
Al 
C 
 
2a 
4f 
2b 
4f 
0 
1/3 
0 
1/3 
0 
2/3 
0 
2/3 
0 
0.128 
0.25 
0.564 
 
Table 7 Crystallographic information of Ti2AlC and Ti3SiC2. (61) 
 
Up to the current date the phases that have been confirmed have shown a M3AX2, M2AX 
and M4AX3 structure. However, phases awaiting confirmation with n≥4 are known to exist. At 
least, Ta6AlC5 (n=5) for sure, others like Ti7Si2C5 are still uncertain. It is believed that even more 
phases can be discovered by assuming stochiometric compositions and making them by high 
temperature sintering. (36) 
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All the previous can be mentioned regarding the crystal structure. For the microstructure 
on the other hand it is known that it plays a major role affecting the physical, mechanical and 
chemical properties of the materials. Microstructure studies are mainly done by investigating 
XRD and the grain boundaries, which are known to determine the high temperature properties 
of MAX phases. 
 
3.5 Properties of MAX phases 
 
MAX phases have shown to have unique mechanical, chemical, thermal and physical 
properties. The most extraordinary properties have been revealed mostly in their mechanical 
performance. This performance has been attributed to their nanolaminate structure.  
The most studied MAX phase so far is Ti3SiC2, for this reason its properties are the ones that 
are best determined. In this section an overview of some of the general properties of MAX 
phases will be done focusing specially on the two MAX phases involved in our study (Ti3SiC2and 
Ti2AlC). When mentioning their oxidation resistance a more detailed description will be 
provided due to its importance in this project. 
 
POLYMORPHISM: MAX phases have polymorphic phase transformations. Polymorphism is 
different for each MAX phase’s structure, in 211 and 312 phases it is related with the different 
positions the atoms in the unit cell can take, whereas in 431 phases however, it is not clear 
what determines polymorphism as these phases seem to exhibit different stacking sequences 
depending if it is an  or structure. (37) 
 
ELECTRICAL CONDUCTIVITY: MAX phases are in general excellent conductors, as the 
temperature increases so does the conductivity. Ti3SiC2 and Ti3AlC2 are better electric 
conductors than titanium. (31) 
Some phenomena, like the Hall Effect and the Seebeck-Peltier Effect influence the electrical 
properties of materials. Some MAX phases (Ti4AlN2.9 and Ti3Al1.1C1.8) have a positive RH (Hall 
coefficient) and are consequently electron hole carriers; Ti3SiC2 on the other hand may have 
either a positive or negative RH, appearing to be a compensated conductor. Yoo et al. (62) 
showed that Ti3SiC2 has a negligible Seebeck coefficient, being a mixed conductor in terms of 
the temperature and confirming what Barsoum had already mentioned in 2000 (28). 
 
SPECIFIC HEAT: The specific heats of MAX phases in comparison with titanium are greater 
because of their large specific stiffness. (31) 
 
THERMAL CONDUCTIVITY: MAX phases are good thermal conductors due to their good 
electrical conductivity. In Figure 13 the thermal conductivity of several MAX phases is 
displayed showing that Ti2AlC’s thermal conductivity is greater than both TiC, TiAl, Ti3SiC2 and 
pure Ti. (28), (31) 
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Figure 13 Thermal conductivity of some representative MAX phases (28) 
 
 
THERMAL EXPANSION: MAX phases tend to have little anisotropy to thermal expansion. Quite 
recently MAX phases with high thermal conductivity have been discovered, so far the one with 
highest thermal conductivity known is Cr2GeC, making it an excellent candidate for coating 
large areas on steels. (31) 
 
ELASTIC PROPERTIES AND DEFORMATION: MAX phases are in general elastically stiff; being 
the most stiff the 413 and 312 phases. Stiffness is related to the number of M-X bonds, for this 
reason as 211 phases possess a lower number of M-X bonds than the 413 and 312 compounds 
it makes sense that the latter are the less stiff compounds. (63) 
 
According to Barsoum (28) the deformation 
properties of MAX phase materials are determined by a 
single slip system located in the layers of the A atoms. 
In particular Ti2AlC has a high elastic constant. (31) 
 
Ti3SiC2, Ti2AlC and Ti3AlC2 on the other hand have a 
non-linear elastic deformation when subjected to cyclic 
loading they Kink. Kinking is a form of plastic buckling; it 
is a quite common phenomenon which happens in 
materials with high anisotropy in their slipping tension. 
These MAX phases deform forming ‘Kink Bands’. 
‘Kink Bands’ usually result in a decrease in the 
mechanical integrity of materials; once damage starts 
the point damage becomes weaker leading to further 
damage and point failure. In MAX phases even after 
damage initiation the ternary phases can still carry 
Figure 14 Kink Bands analogy. Explanation of the 
behaviour of MAX phases by card-deck analogy. 
(37) 
substantial loads, this phenomena is called 
happen, usually once damage starts, the point where damage is occurring starts giving in 
getting weaker and leading to eventual failure.
The behaviour of Kink Bands can be explained using a deck of cards
deck of cards is subjected to a pressure from the top each card bends as each one bends 
progressively, however as the load is removed it returns to its original posi
Additionally, Kink boundaries have the ability of stopping crack propagation
damage starts instead of weakening the area 
harden it and therefore the damage moves 
 
Figure 15 Schematic formation of an incipient Kink band, mobile dislocation Kink Bands and delaminations.
 
Note: Red grains are hard grains, while blue grains are soft grains with the basal planes 
 
HARDNESS AND MACHINABILITY:
hardness combined with their layered nature is what makes them so easily machinable.
 
OXIDATION RESISTANCE: MAX phases oxidation resistance is related with the composition and 
properties of the protective scale formed under oxidation.
oxidation resistant because they form a stable and adherent protective Al
formation of this highly protective alum
resistance with that shown for Ti
alloys used for high temperature applications in components such as turbines.
Studies carried out by Meier et al. 
showed that they do not create
and Al2O3. Comparing the minimum Al content needed to form a continuous layer of Al
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damage tolerance. In most materials this does not 
 (63) 
 (see Figure 14
tion.
as in other metals Kink Boundaries
to another area. (37), (39) 
favourably oriented for easy slip. 
 MAX phases have a low hardness (1.4-8 GPa)
Ti3AlC2 and Ti2AlC are exceptionally 
ina scale has led to comparison of their oxidation 
-Al alloys, which up to date are the most used kind of titanium 
(64) and Rahmel and Spencer (65) done in Ti
 a protective alumina scale but rather a scale composed of 
41 
). When a 
 (28) 
, once the 
 tend to 
 
 (38) 
. It is their low 
 
2O3 scale. The 
 (61) 
-Al alloys 
TiO2 
2O3 in 
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Ti-Al alloys with the amount of Al needed for Ti2AlC, the former is much lower. Bonds between 
the elements were also studied by other scientists, Zhou and Sun (66), to see how bonding 
could determine the protective scale formed. The conclusion they reached was that as the 
bonding created between Ti-C is strongly covalent and the one for Ti-Al is weak. The strength 
of the covalent bond would decrease the activity of Ti, therefore increasing the activity of Al, 
which is high enough then to be preferentially oxidized. These two factors mentioned; the low 
Al content to form a protective scale and the bonding, make the formation of a continuous 
Al2O3 layer on Ti2AlC favorable. These exceptional characteristics are what made Brady and al. 
(67)- (68) propose them as oxidation resistant coatings for materials in the Ti-Al system. 
Ti3SiC2 on the other hand forms a SiO2 layer. SiO2 has the advantage that it is almost 
impermeable to oxygen.  Of all MAX compound the only one that contains Si is Ti3SiC2, but its 
concentration is not enough to form a pure layer of SiO2 so a duplex layer of SiO2 and TiO2 
forms instead. This layer is as protective as Cr oxide but increasing the temperature the 
oxidation rate becomes troubling. To avoid this, the surface is reacted with silicon to form TiSi2 
and SiC; this is able to improve the oxidation resistance 5 orders of magnitude. (28) 
Although the protective character of the scales formed for MAX phases is mentioned 
among the relevant characteristics of these materials, it is of importance to mention that there 
exist discrepancies on the studies that have been carried out. Not all the scales formed in 
experiments have proven to be protective. Investigations have shown that the purity of the 
samples is determinant. The presence of TiC largely influences the final protection achieved by 
the scale. TiC/TiCx’s presence is known to be detrimental to the oxidation resistance given 
studies done by Wang and Zhou. (69) 
 
CORROSION RESISTANCE: MAX phases are also corrosion resistant; however corrosion 
resistance of all MAX phases has not yet been established. The key to the corrosion resistance 
of MAX phases is the formation of a passivating layer. In some cases phases such as Ti3SiC2have 
shown to be even more oxidation resistant that pure Ti; the reason for such a behavior is the 
formation of the thin passivating layer of SiO2 formed. Other MAX phases also exhibit good 
corrosion resistance; such is the case of Ti3GeC2and Ti2AlN. (31) 
 
3.6 Potential Applications 
 
Due to their excellent electrical, thermal and high-temperature mechanical properties, MAX 
phases are being considered for use in structural and nonstructural high temperature 
applications. Barsoum listed in 2000 (28) the potential applications of MAX phases exploiting 
their excellent properties. Some of the uses he mentioned were their use in heat exchangers, 
given their high temperature resistance, in rotating parts, due to the low friction and others 
related with their use as oxidation and corrosion protective materials. The list of potential 
applications is quite large so only a few will be mentioned: (31), (35), (38), (61) 
- Heating elements and electrodes. 
- Directly heated catalyst support for automobiles. 
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- Oxidation and corrosion resistant films or coatings. 
- Aeronautical industry: It is expected that light phases such as Ti2AlC and Ti3AlC2 might 
find a use in this field. 
- Free-cutting elements. 
- Microelectronics. 
- Biomaterials. 
- Defense applications.  
- Nuclear applications: cladding materials. 
- Toughening brittle ceramics. 
So far, MAX phases have been successfully used in: 
• Gas burner nozzles: Ti2AlC has shown to behave much better than steel when in 
corrosive environments. When exposed to a sulphur gas corrosive environment a 
protective -Al2O3 layer is formed allowing an increase of 200K in the process 
temperature. The former and the excellent machinability have led to a substitution of 
steel nozzles for Ti2AlC ones. (31), (70) 
 
• Foil bearings: Given the low friction and wear, combined with the high temperature of 
MAX phases they have been used for foil bearings at temperatures between 25-823 K. 
(31) 
 
• Pantographs: In China MAX phases are currently being implemented in pantographs in 
the high speed railway train as they have shown to perform better than carbon based 
ones. (31) 
 
• Oxidation resistant coatings: Application on large steel areas by the PVD process have 
already been carried out with successful results. They have also been proposed, by 
Brady et al. (67)- (68), as candidates to coat intermetallic phases (Ti-Al) as Ti3Al to 
increase the oxidation resistance, especially Ti2AlC and Ti3AlC2. (61) 
 
• Light-weight armor materials: Early investigations already showed their suitability in 
add-on ceramic armors. (61) 
 
• Composites: Both MAX and MAX-based metal composites have been studied. 
Experiments with the addition of Ti3SiC2 in Cu matrix composite have been done 
showing superior mechanical properties than single Cu-graphite composites. To solve 
the problems encountered when adding large volume fractions of Ti3SiC2, the 
composite was reinforced with Cu coated Ti3SiC2 achieving this way a higher density 
and a more homogeneous distribution. To Cu matrix composites other MAX phases 
have also been added, as Ti3AlC2and Ti2SnC. In the case of Ti3AlC2 without reaching 
positive results as the electrical conductivity was reduced two orders of magnitude 
with respect to the original matrix composite. On the contrary, Ti2SnC (which has the 
highest electrical conductivity of all MAX phases known) has shown to be the best 
possible MAX phase reinforcement for Cu as far as mechanical and electrical 
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properties are concerned. Ti3SiC2has also been added to hydroxyapatite at 50 vol.%, 
decreasing the hardness and increasing fracture toughness and strengths as the 
Ti3SiC2content increased, favouring bio-mechanical applications. (31) 
 
3.7 Future Investigations 
 
Ever since the discovery of MAX phases, more than 40 years ago, more than 1000 papers have 
been published. Out of all the publications around half of them are focused on Ti3SiC2, 
therefore studies of other phases still remain. As use of MAX phases in the market and 
industry has not yet widespread it is expected that as their use increases further research will 
be carried out leading to new discoveries on the field. (38) 
So far research has been quite limited, there are still many mysteries hidden in these 
compounds which yet await to be solved. In order to be able to progress in the study of these 
compounds it is of major importance to be able to know which phases are mechanically and 
thermodynamically stable. The main priorities on the study of MAX phases so far are the 
understanding of their properties, which still remains unclear and the discovery of new phases. 
As new synthesis methods have been developed in the past years this last priority would seem 
to have been eased. (31) 
MAX phases could be a possible solution to the brittleness encountered in ceramics. For 
some time the possibility of increasing turbine efficiencies has been considered to be closely 
related with an increase in the operating temperatures. This increase has been thought to be 
possible by using ceramic materials. Up to now the limitation has been the brittleness of 
ceramics, but as MAX phases overcome this limitation they might be just what has been 
yearned for so long. Superalloys have been used in this sector as an alternative but it has been 
shown that their trade-off between performance and cost is not as positive as expected. 
Superalloy components need large amounts of cooling air, decreasing the efficiency of the 
engine. 
Increasing the operating temperature to around 1300℃ would provide an efficiency 
increase of 20% in the fuel consumption, doubling the power obtained for the same engine 
size. As MAX phases are in general light materials, resistant to high temperatures and 
oxidation and corrosion resistant a possible sector in which they could be used in the gas 
turbine one. (37) 
The resistance of MAX phases to high temperatures has led to a large study on MAX phases 
for this purpose, being one of most up to date applications being explored nowadays the use 
of the Ti2AlC MAX phase not just as a heating element, but also as a gas-heated surface 
emitting heat radiation element. (71) 
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CHAPTER 4: COATINGS 
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4.1 Introduction 
 
Coatings are surface treatments done in order to be able to improve certain properties of the 
material they are covering. A coating as such is any protective film applied to the surface of an 
object. For thousands of years coatings have been used with decorative purposes. It was after 
World War II when their industrial importance was noticed. All forms of transport (trains, 
ships, aeroplanes…) and metallic structures require the use of coatings, for this reason this 
industry has one of the largest productions. (72) 
Just as it has been mentioned previously, poor corrosion and oxidation resistance of 
materials at high temperatures increases the interest set into finding possible solutions to 
overcome their effects. There are three possible ways of improving oxidation resistance: by 
addition of alloying elements, by pre-oxidation and by coatings. Corrosion and oxidation 
protection by the use of coatings is one of the most common methods used. (3) 
Some of the solutions that have been subject to experiments are adding an alloying 
element or carrying out a surface treatment. However, using alloying elements to modify the 
microstructure of a material can lead to negative results in the mechanical properties. This 
happens for example when alloying silicon with titanium as silicon tends to modify the 
properties of titanium. The former reason is one of which leads to the preferred use of surface 
treatments rather than bulk alloying to improve the oxidation resistance of materials. (1) 
Oxidation attack is mainly limited to the outer part of the component and as the 
mechanical properties are determined for the whole cross-section, surface modifying 
technologies, specially coating techniques seem to be a very promising method to achieve 
both oxidation protection and the desired mechanical properties.  It is in this field where high 
temperature coatings gain importance. 
High temperature coatings must satisfy a series of requirements to fulfill different 
purposes; these requirements are listed in Table 8. 
 
Property Requirement 
Oxidation Resistance 
During oxidation the coating material must form a protective oxide scale 
on the basis of Al2O3, Cr2O3 or SiO2. 
Compactness and 
gas tightness 
The coating must be free from cracks, pores or other defects, which can 
be paths for fast diffusion of aggressive components from the 
atmosphere. 
Adhesion 
Good adhesion between substrate and coating prevents spallation of 
the coating. 
Chemical 
Compatibility 
The chemical composition of the coating must be similar to that of the 
substrate material to decrease the concentration gradients of the 
elements, thus limiting interdiffusion in the system. 
Physical 
Compatibility 
Phases in coating and bulk material must have similar physical 
properties to reduce mechanical and thermally induced stresses. 
 
Table 8 Property Requirements for high temperature coatings (73) 
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Additionally, to achieve proper oxidation resistance there are several key factors that have 
to be taken into consideration. First of all, the coatings must be thermodynamically stable, 
creating a protective surface scale of uniform thickness. Secondly, they must have a slow 
growth of the protective surface scale. Good substrate adhesion properties, determined 
greatly by the coating method used. And last of all, they should not cause degradation of the 
substrates’ mechanical properties. (74) 
Coatings can be applied by a large variety of methods according to desired properties, cost, 
etc. Methods such as powder siliconizing or pack cementation are very efficient and 
inexpensive coating techniques used to modify the surface of titanium base alloys. Despite 
there being so many coating methods, the application of coatings by the slurry method 
(technique used in our experiment) has drawn much attention and has gained large 
acceptance in the industry because the application process is easy, low cost and flexible. 
Application of the coating can take place by several means, by using a brush, by immersion of 
the substrate in the slurry or by spray coating. (75) 
Trends in coating processes to improve oxidation and corrosion resistance of substrates 
have varied as time has gone by. The life of coatings has increased also to up to 20 times 
thanks to the development of new processes and to an increase in their use in the industry to 
increase the life of their components. 
Life of coatings is determined by composition, thickness and the homogeneity of 
deposition. Most of the new coatings applied nowadays are done by the Plasma Spray 
technique to ensure proper and controlled deposition.   
 
4.2 Fundamentals of the Oxidation phenomenon 
 
In order to achieve a better understanding of the phenomenon under study several 
questions should be answered. They are: What exactly is oxidation? Where does it take place? 
And, how does the oxide scale form? 
To start off, oxidation is the phenomenon that takes place when a metal is exposed to an 
oxidizing environment. When this happens metal consumption takes place forming an oxide 
scale that separates the metal surface from the oxidizing environment. Oxidation, just like hot 
corrosion reactions, mainly occur at a material’s surface. 
The oxide layer formed is what protects the sample from further oxidation by slowing down 
the rate of consumption of the metal. Oxidation protection is therefore achieved by the 
formation of an oxide scale. The key to an oxidation resistant material is for this reason the 
ability of a material to form a long-term protective scale.  
In order to achieve oxidation protection, not only does the coating need to satisfy several 
requirements but also oxide scales formed must fulfill the next (3): 
- Have a high thermodynamic stability: high negative Gibbs energies of formation. 
- Low interdiffusion between the oxide scale forming elements. 
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- Low vapor pressure of the oxide: This way the oxide will form as a solid and won’t 
evaporate. 
- Crack healing ability. 
- Good adhesion with the metal. 
- Thermomechanical compatibility with the metal. 
The working temperature is also a determining factor. There are a few elements that are 
able to provide resistance above 1000°C; some of them are Si, Al and Cr. The oxides which 
have shown to best meet these requirements are: (3) 
- Cr2O3: Limited to service temperature below 1000° due to the formation of volatile 
CrO3. 
- SiO2: At low partial pressure of O2 SiO2 dissociates to volatile SiO. 
- Al2O3: Out of these three oxides it is the most thermodynamically stable of the oxides 
and provides the best protection in reducing and oxygen deficient atmospheres. (71) 
However for the highest temperature applications only Co or Ni based superalloys can be 
used to stand such extreme conditions. 
Oxidation is the result of a chemical reaction in which a change of state takes place. 
Chemical and thermodynamic reactions use Gibbs Free Energy to quantify whether a reaction 
is spontaneous or not; therefore to determine whether oxidation will spontaneously take place 
Gibbs free energy can be used. If Gibbs Free Energy is negative then the reaction will be 
spontaneous. 
The two mechanisms that determine the overall behaviour of the oxidation reactions are 
thermodynamics and kinetics.  
Thermodynamics allows predicting the oxidation products that will be formed but gives no 
information on the reaction rates. The formation of an oxide decreases the entropy of the 
system, resulting in a reduction of the oxide stability with increasing temperature. Besides this, 
the other known aspect is that the enthalpy of formation of the oxide is dependent on the 
temperature and is related with the partial pressure of O2 (below this pressure the oxide 
decomposes into metal and O2). Other oxidation conditioning aspects are surface preparation 
of the metal and pre-treatments. 
Oxidation kinetics on the other hand explains how the growth of the oxide scale takes 
place, setting the following steps when dealing with a pure metal surface. 
1) O2 adsorption at the surface. 
2) Oxide nucleation. 
3) Lateral growth of the nuclei. The thin film separates the metal surface form the 
environment. 
4) Formation of a compact oxide scale. 
Once the oxide film is formed its growth is controlled by mass transport. 
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Figure 16 Mass transport of the oxide scale during oxidation of a metal substrate (3) 
Note: The steps a), b), c) and d) correspond to the steps 1), 2), 3) and 4) mentioned above. 
 
Oxidation kinetics of different elements and under different conditions may display 
alternative behaviors. To explain the different oxide growth mechanisms several models have 
been developed. The three main models with which almost all oxide growth mechanisms can 
be described are: (76)- (77) 
- Parabolic: The diffusion of ions through the oxide determines the rate of growth. The 
rate of growth is inversely proportional to the weight of the oxide formed and 
therefore its thickness. Most metals and engineering alloys follow this model at high 
temperatures. 
 
- Logarithmic: Characteristic of low temperature regimes in which oxide growth 
decreases with time. It can be both direct and inverse logarithmic depending on 
whether it is ion (inverse) or electron (direct) metal transport.  
 
- Linear: The rate of oxidation remains constant with time independently of the amount 
of metal consumed. 
 
In Figure 17 the behaviour of the three growth mechanisms mentioned can be seen, along 
with a fourth behaviour, the cubic one, less often encountered. 
 
For example, Ti3SiC2 oxidized at 1300℃ exhibits a parabolic behavior, whereas increasing 
the temperature in 100 ℃ it changes to parabolic-linear. (78) 
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Figure 17 Schematic representation of the rate laws for the oxide scale formation (3) 
 
The oxide scale growth is directly influenced by both the thermodynamic and kinetic 
mechanisms. Different base substrates will have a higher or lower ability to create protective 
oxide scales. In Figure 18 a schematic representation on the comparison of the formation of 
protective oxide scales for different substrates can be seen. (3) 
 
 
Figure 18 Schematic representation of oxide scales and oxygen diffusion zones of titanium-based alloys. (3) 
 
The effect of temperature on the oxidation rate is determined by Arrhenius’s Law. In our 
case the oxidizing environment to which the samples will be exposed is a high temperature 
oxygen one. Titanium (our Ti-6Al-4V substrate) has a high solubility of oxygen; more than 50% 
oxygen is incorporated into the metal, forming a diffusion zone. A smaller amount is used for 
forming the external rutile (TiO2) oxide layer. (3) 
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4.3 Classification of coating techniques 
 
There is a large variety of existing coating techniques which provide surface protection, each of 
which has its own properties and limitations. In order to achieve the desired properties of a 
coating a careful study of the appropriate coating method to achieve the latter must be made. 
The coating method will determine the thickness, uniformity, adhesion of the coating to the 
substrate, etc. 
The large variety of coating methods shows that a successful solution that provides an 
oxidation-resistant coating has not yet been achieved. The most important and currently 
available coating techniques used to coat substrates nowadays are: pack-cementation, slurry, 
hot-dipping and chemical vapor deposition. In Figure 19 the most common coating processes 
can be seen and how the thicknesses vary according to the method. 
In many occasions a coating can be applied by more than one technique. It must be 
remarked though that not all methods are capable of providing coatings with the same 
thickness. In what follows a brief overview of some of the coating methods will be made. The 
coating technique selected for our study, the slurry method, will be described in further detail 
in the next section. 
 
 
Figure 19 Most common coating processes (74) 
 
According to the mechanism of the coating process high-temperature coatings can be 
classified into: Diffusion coatings and Overlay coatings. (77) 
 
DIFFUSION COATINGS 
Diffussion coatings are coatings in which a substrate is enriched with the oxide scale formers 
Al, Cr, Si or a combination of them to a depth of 10-100μm. They are basically a kind of surface 
enrichment in which vapours are deposited. The combination of these elements with the 
primary constituents of the substrate alloy form intermetallics with significant levels of oxide 
scale formers. Coatings that aim to achieve oxidation protection are usually created by 
52 
------- María García Colón ------- 
diffusion aluminides. The reason for this choice is the fact that the aluminides create a 
protective oxide scale upon exposure to high temperatures. 
The basis of the deposition of diffusion coatings is made up of the following steps (79): 
1) Creation of the Al-, Cr- or Si- containing vapors. 
2) Transport of the vapor to the component surface. 
3) Reaction of the vapors with the substrate alloy and later diffusion within the alloy. 
4) Additional heat treatments to obtain the final coating composition and substrate 
properties. 
 
Final coating thickness will be determined by the substrate alloy and other parameters like 
the later heat treatment and the temperature at which it is carried out. 
 
Among the different diffusion processes the most characteristic examples of interdiffusion 
between aluminum and other metal elements to produce new aluminide phases are Chemical 
Vapour Deposition (CVD) and pack cementation. 
 
 
 Chemical Vapour Deposition (CVD) 
 
Process in which a solid material is deposited from vapor formed by a chemical reaction, or 
when heating the surface of a substrate resulting in the formation of a thin film, powder or a 
single crystal. The coating is obtained by thermal decomposition. Some of the variables that 
determine the final result of the process are: substrate material, temperature, reaction gas 
composition, etc. (80) This process has the ability to create uniform thickness coatings. (81) 
 
 
 Pack-cementation 
Pack-cementation processes are widely used to form coatings due to their ability to form 
coatings with uniform thickness. (81) The main disadvantage of the pack-cementation process 
is the need for long heat-up and cool-down times. 
The basis of the method is to pack the object that is to be coated in a powder mixture 
composed of: the coating metal, a halide activator and an inert filler to prevent sintering of the 
powders. The substrate and coating powders are placed in a reaction chamber with an inert 
atmosphere (to prevent oxidation of the substrate and coating powders) and the sealed pack 
system is then heated to high temperatures causing the decomposition of the halide 
compound into a halide gas. This halide gas then reacts with the metal forming a metal-halide 
gas. (82) 
During the coating process the deposited metals diffuse into the substrate, this diffusion 
process requires holding a high temperature for some time. The final composition of the 
coatings created by this process is that of metallic and/or intermetallic compounds formed 
from alloys of both the coating metal and the substrate to be coated. 
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Variations of the pack-cementation process would be ‘halogen streaming’ and the ‘slip-pack 
technique’. The differences of ‘halogen streaming’ and the ‘slip-pack technique’ with respect 
to pack-cementation are that ‘halogen streaming’ the halogen gas is introduced into the 
reaction chamber from an external source instead of using a halide compound added to the 
powder mix as in pack-cementation, whereas in the ‘slip-pack’, used for coating large objects, 
a slurry composed of the coating metal powder suspended in a vehicle (water or laquer) is 
used without requiring the use of a halide activator. The slurry is applied to the substrate (by 
dipping, spraying or using a brush) and then allowed to dry. If no halide compound is used the 
coating is placed in the reaction chamber and supported by an inert refractory oxide powder, 
otherwise the component is heated for the coating process to occur. (83) 
 
The main difference between the first and second method is the fact that in CVD AlCl3 
vapours are introduced in a chamber along with H2 which react with the substrate forming Al; 
whereas in pack-cementation the metal surface is packed with a powder containing aluminum 
or an Al alloy as well as a halide activator and during the heating process the aluminum halides 
form and are transported from the pack to the substrate. (84) 
 
 
OVERLAY COATINGS 
 
Overlay coatings minimize the dependence diffusion coatings have on the substrate alloy, 
where the behaviour of the coating is strongly dependent on the substrate alloy because it 
takes part in the formation of the coating. Unlike in diffusion coatings here the material is 
deposited on the surface of the substrate. The typical composition of overlay coatings is 
MCrAlX; being M Ni, Co and sometimes Fe, and X an an oxygen-reactive element (Zr, Hf, Si and 
Y). (74) 
 
The most common deposition methods for overlay coatings are either spray or arc 
processes. To set examples of overlay coatings two coating methods will be described: 
Thermal Spray, the coating process with the greatest range of coating materials, thicknesses 
and characteristics (see Figure 20), and Physical Vapour Deposition.   
 
 
 Thermal Spray coatings 
 
In thermal spray coatings thermal energy is used to deposit the coating on the substrate. It is a 
common process used for coating mechanical components. The resulting coating provides 
wear resistance and acts as an insulator for components exposed to highly energetic systems. 
 
The process is based on a source of thermal energy that melts the coating particles and 
then an accelerating mechanism that sprays the molten coating particles on the component to 
be coated. Once the particles are deposited on the substrate they adhere to the surface and 
solidify forming the coating. 
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According to the sources of thermal energy used, four kinds of thermal spraying can be 
identified (74): Detonation Gun process, Flame Spray process, High-Velocity Oxygen Fuel 
(HVOF), and Plasma Spray process. 
  
Out of the four it is of interest to mention a curiosity of HVOF and Plasma spray. HVOF 
developed from the Detonation Gun process and it has been used to spray coatings of Ti2AlC 
powders on stainless steel substrates (61). Whereas, the Plasma spray process on the other 
hand, has the advantage main advantage of having the ability to spray all materials considered 
sprayable (metals, refractory ceramics…). Jet engines are commonly coated by this method. 
(85) 
 
 
Figure 20 Range of operating thicknesses for the different Coating Methods (86) 
 
 
 Physical Vapour Deposition  (PVD) process 
 
The material used for the coatings (liquid or solid) is vaporized by physical procedures into 
atoms, molecules or ions. The species formed are transported by a gaseous environment and 
then deposited on the substrate, creating upon condensation the coating. The entire process 
takes place under vacuum or at a very low pressure. All PVD processes have a method to 
minimize contamination and suitable holders for the coating and substrate that is to be 
coated. There are many different PVD processes usually differentiated by the way in which 
vaporization is carried out (87). Representatives of this technique are ion plating and 
sputtering. In the first vaporization is achieved by heating electrons over a crucible containing 
the metal, whereas in the second it is due to bombardment of ions of an inert gas (Ar) over 
either a metal or a ceramic material. (88)- (89) 
55 
------- María García Colón ------- 
4.4 Slurry Coatings 
 
4.4.1 Introduction and description 
 
The slurry coating method is one of the oldest coating techniques used for the deposition of 
aluminide coatings on nickel superalloys, titanium alloys and steel. It is characterized by its 
simplicity and by being relatively inexpensive. Additionally, it allows a simple modification of 
the coating chemical composition by addition of powders of different types, mainly silicon. (90) 
The slurry coating method belongs to the group of diffusion coatings. It is an advantageous 
coating technique when dealing with large and complex shapes. The slurry is made of the 
saturating element powders with a particle size less than 40μm and an organic binder. The 
coating element in powder form is mixed with a liquid carrier and with the binder. The final 
composition is then spread on the surface of the substrate either by spraying, immersion or 
using a brush and left to dry. After drying the suspension is given a diffusion anneal at a high 
temperature to burn of the binder and deposit the metal or ceramic, in this case the MAX 
phases, on the substrate. (74), (81), (91) 
This technique has been used for several decades for the protection of turbine blades and 
has allowed obtaining diffusion coatings on cast steel or intermetallic -TiAl alloys. (90) 
This is the method used in this project to deposit the MAX phase coatings on the titanium 
substrate. Application of this method to MAX phases is something new in the field; so far films 
have usually been deposited by techniques as magnetron sputtering, pulsed cathodic arc and 
high velocity oxy-fuel spraying, for these reason the background for the composition of the 
slurries, deposition method, etc. has been taken from slurry aluminide coatings. 
 
4.4.2 Diffusion of the coating to the substrate 
 
Diffusion is the term used for the mechanism in which a solid chemical compound is formed as 
a continuous layer between two initial substances. Diffusion will take place between the 
coating that will be deposited on the substrate and the latter in our experimental process 
when the diffusion treatment is carried out in the vacuum furnace. 
 There are three mechanisms for diffusion in solids: volume diffusion (atoms diffuse 
through vacancies), diffusion through defects and movement of interstitial atomic sites. The 
formation of this layer takes place through two steps: (92) 
1) Diffusion of the reacting substances across its bulk in opposite directions. 
2) Chemical transformation at the interface between the two components with the 
presence of the diffusing surface atoms from one component to the other. 
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What drives diffusion is the tendency to decrease the free energy, in other words, 
diffusion will be driven by the existence of a concentration gradient. The diffusion mechanism 
of coatings is common to all coating techniques and can be summarized in three steps: 
 
1. Formation of active atoms from the coating material that will diffuse in the substrate. 
The atoms will form according to the composition of the diffusion phase. 
 
2. Adsorption of the active atoms by the substrate. The mutual inter-reactions between 
the components in phase of diffusion and the substrate will determine the adsorption. 
 
3. Diffusion of the metal or alloy atoms takes place. It can be of an element or several 
elements. It is controlled by the relationship between the atomic radii of the coating 
material that diffuses and the substrate, the activation energy, etc. In crystalline 
structures with vacancies, dislocations and other defects diffusion of active atoms can 
be easier. 
 
It is convenient either for the solubility of the diffusing material with the substrate to be 
limited or to form metallic compounds and/or chemical bonds. If the diffusing material does 
not have this property then diffusing elements may create independent structures. (8) 
 
The diffusion process is based on the principle that whenever there exists a concentration 
gradient the coating atoms will move from the highest concentration region to the lowest to 
balance it, therefore decreasing the free energy. The quantity that diffuses is the difference 
between the elements of the diffusion layer that diffuse to the substrate and the opposite 
direction (the elements of the substrate that diffuse in the opposite direction to the layer).  
 
4.4.3 Advantages and Disadvantages of the Slurry Method 
 
Just as mentioned previously the slurry coating technique is very attractive due to its low cost 
in comparison with other coating techniques. Deposition methods for coatings such as 
electroplating, physical vapor deposition and chemical vapor deposition can be used for 
producing coatings, the problem lies in that they are very expensive and have certain 
limitations. Improvements however, still have to be carried out to make this coating technique 
competitive in order to increase its use in the industry. A summary of its advantages and 
disadvantages is made below. (83) 
Disadvantages: 
 
 A major problem regarding slurry coatings is thickness control. 
 
  Lack of homogeneity and uniformity of the coating. This affects its reliability. If the 
surface where the coating is deposited has a bad surface finish then there will be 
regions where the coating is thicker than needed, affecting the final quality of the 
coating. 
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 The lack of significant requirements for coated refractory metals excludes this method 
from its use despite its manufacturing capabilities. 
 
 Hard to coat inside walls of long small diameter holes with this method. (83) 
 
 It is non-automatic.  
 
 Storage conditions should allow long-term storage without deterioration of its 
properties. For example in the experimental process it is mentioned that the slurries 
had to be made from one day to the next to avoid deposition of the slurry particles 
and the slurry losing its properties. 
 
 Regarding the composition: The resulting viscosity should ensure proper handling of 
the deposition of the coating on the substrate and diffusion annealing must ensure 
total volatilization of organic components without deterioration of the alloy and this 
cannot be ensured. 
 
Advantages: 
 
 Shorter thermal cycle of coating application than other techniques due to quick 
heating and cooling of the treated part. 
 
 Allows the possibility of local aluminizing. (91) 
 
 Allows coating large-size and complex parts. (83) 
 
 The liquid phase is the most favourable for reactions of the saturating elements with 
the substrate surface allowing a higher quality coating. 
 
 As the liquid carrier most often used is water this method is among the most 
environmentally friendly technique. 
 
 Regarding slurry aluminizing it has the important advantage that the slurry is easily 
saturated. 
 
 The application of coatings via the slurry method is easy, cheap and flexible and it can 
be done using a brush or simply by immersion or spray coating. (93) 
 
 Uses simple equipment. 
 
 Unlike other coating techniques the slurry method has the potential of automatization. 
Automatization of the coating process would make it be more competitive. (91) 
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4.5 Composition of a slurry coating 
 
The composition of slurry coatings is quite similar to the composition of paints, which in a way 
are also coatings and posses several characteristics in common. Slurry coatings may be formed 
by different components, their use is usually determined by the method of application, the 
desired properties, the substrate that is to be coated and even ecological and economical 
constrains. (94) 
Slurry coatings will usually contain the following constituents: liquid carriers, donor 
material powder (metallic or ceramic), binders and additives (dispersants and wetting 
agents).In some cases activators are also used.  
 
4.5.1 Donor material powder 
 
It is the main constituent of slurries. In most cases they account for up to values between 35 
and 65.wt% to obtain dense powder structures and therefore facilitate the post heat 
treatment. Particle properties (grain size, shape, density) greatly determine the final behaviour 
of the slurry. If the particle size is too large the increase in viscosity will be relatively small 
leading to possible trouble in coating the substrate effectively. 
 
4.5.2 Liquid carriers 
 
Liquid carriers have the purpose of holding the donor powder particles and binders in 
suspension. They are usually substances with a low molecular weight that can easily 
evaporate, for example ethanol or water. The main two kinds of liquid carriers are water and 
organic solvents. 
Solvents are mainly volatile organic compounds, for this reason they evaporate; they may 
contribute to the creation of ozone in the lower atmosphere and may also be toxic to human 
health, being the component of coatings that arise a higher concern. 
Although organic liquid carriers have been successfully used (acetone, collodionbutyl 
acetate and nitrocellulose lacquers) (83), water is the most commonly used liquid carrier 
because it is environmentally friendly, non-toxic, non-flammable, easily available and cheap 
(95). De-ionised or distilled water are the liquid carriers most commonly used (as in the case of 
our slurry, see Chapter 5).  
 
4.5.3 Binders 
 
A binder is a mixture of ingredients that form the film that covers the surface of an object. Its 
main purpose in the film is to hold the coating’s components in suspension while the slurry is 
applied and dried. It acts as an adhesive, binding the coating to the substrate. Binders are 
removed from the slurry just as the liquid carrier to avoid their diffusion to the substrate. (96) 
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The development of an appropriate binder with good water compatibility and that provides 
the desired properties of the intermediate and final products is of vital importance in the 
slurry process because it is this factor the one that determines the final stability, viscosity and 
strength of the dried products. 
Binders can be either organic or inorganic; the preferred ones in coatings are the organic. 
The classification of binders is done according to their chemical reactions. They are classified 
as: oxygen reactive binders (epoxy esters), lacquers (PVC polymers), heat conversion binders 
(plastisols), co-reactive binders (epoxies and polyurethanes), condensation binders (phenolic 
resins), coalescent binders and inorganic binders. (95) 
The most common water-based binders are: 
- Polyvinyl alcohol (PVA): It is a water-soluble synthetic polymer. It is white, translucent, 
odourless and colourless powder. It is soluble in water and highly soluble in ethanol, 
but insoluble in other organic solvents. It is used in treating textiles and paper. Unlike 
other polymers, which are created by polymerization reactions, PVA is created from 
the dissolution of polyvinyl acetate (PVAc, another polymer) in an alcohol and treating 
it with an alkaline catalyst (hydrocide). The hydrolysis that takes place removes the 
acetate groups without altering the long-chain structure of the acetate. (97)- (98) 
 
- Thermoplastic Starch: It is an environmentally friendly, biodegradable, and readily 
available biopolymer. It has been used as a binder for gel-casting processes due its 
gelling properties and also as binder in porous ceramics. Starch is insoluble in water. 
(98) 
 
- Latexes: Latexes are colloidal dispersions of polymeric sub-micron particles in water. 
During evaporation of the solvent the latex particles coalesce and form a polymeric 
network, providing strength to the dried product. The polymer particles are usually 
spherical with a particle size between 30-500 nm. (98)- (99) 
 
- Methylcellulose: It is a hydrophilic, odourless white powder. It is non-toxic, non-
allergenic and non-digestible. It is used as thickener and emulsifier in cosmetic and 
food sectors to avoid separation of mixed liquids. It may also appear in tooth-paste, 
soap and ice-cream.  
 
- Polyethylene glycol (PEG): It is a polyether compound with many applications for 
industrial medicine. Its chemical structure is: 
 
1 −  − 1 − 12 − 1 
Equation 3 Chemical composition of PEG 
 
There are several kinds of PEG according to their molecular weight. For the 
experimental procedure the PEG we used was PEG 20000. PEG 20000 is a high-
molecular-weight grade of polyethylene glycol. It is a clear, colourless, viscous liquid 
60 
------- María García Colón ------- 
with a low toxicity. This polymer has a high affinity for water (hydrophilic), but it is also 
soluble in acetone, alcohols, benzene, glycols… 
 
- Cellulose and derivatives: As cellulose is an insoluble polymer in water. Modifications 
of cellulose are carried out in order to increase its solubility by substituting the 
hydroxyl groups by methyl carboxymethyl or hydroxyethyl groups and be used as 
binders. Common cellulose binder derivatives are:  
 
• Carboxy methyl cellulose (CMC): It is a cellulose derivative formed by its 
reaction with alkali and chloroacetic acid. Its use in the food industry is known 
as a thickener and emulsifier in products such as ice-cream. 
 
• Hydroxypropylcelullose: It is a non-ionic water soluble cellulose. This polymer 
possesses a combination of organic solvent solubility and thermoplasticity, 
yielding flexible, clear films. It is used as a thickening, suspending or anti-
clumping agent, and as a binder and film coating in pharmaceutical tablets. It 
is non-toxic, physiologically inert and has been approved for use as an 
additive. (96) 
From all the previous mentioned the most common binders used are PVA, PEG and CMC. 
Studies carried out by Busch et al. (100) showed that PEG and PVA are the binders that 
produce slurries with the lowest viscosity whereas CMC produced harder grains. The binder 
used must provide quick drying of the slurry and an even layer to ensure it stands the following 
operations to which the slurry will be subjected. (101) 
 
4.5.4 Additives 
 
Additives are low molecular weight chemical substances added to slurries to provide certain 
properties and functions to the coating. The most common additives are dispersants and 
wetting agents. In addition activators will also be included as additives. 
• Dispersants: are substances that can be added to the suspension to improve the separation 
of particles and to prevent settling or clampling. They are usually organic compounds 
(especially polymers) with one or more water soluble groups on the main chain or ring. The 
dispersing action is believed to be caused due to the protection of the dispersed material 
by the adsorption of the dispersing agent on the surface of the particle. (102) 
 
They are added to make the film stable. Dispersions may become stable through two 
mechanisms, charge stabilization (due to electric or repulsion forces) and steric or entropic 
stabilization (repulsive forces maintain the particles separated from one another). (103) 
Dispersants are made up of two different components: a solvent and a surfactant. 
Surfactants are usually amphiphilic organic compounds, meaning that they have a 
water-soluble group (the head) attached to a non-polar water insoluble hydrocarbon chain 
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(the tail). Surfactants lower the surface tension of a liquid, increasing contact between the 
liquid and the hydrocarbon, in other words they interact with the surface of the liquid to 
change its properties.  
 
Most dispersing agents contain an appropriate solvent or combination of solvents that 
distribute the surfactant in the hydrocarbon.  Surfactants generally work with oil, water and 
other liquids. A well-known example of a surfactant is soap. 
 
The dispersants that were used in the experimental part are: 
 
- PAA (poly acrylic acid): It is a high molecular weight polymer of acrylic acid. PAA is 
soluble in water and is generally used as a scale inhibitor and dispersant. PAA is 
obtained from polymerization of acrylic acid. It belongs to the class of commercial 
polymers produced on a large scale which are used in industries, medicine and 
agriculture. PAA, its salts and PAA-based polymeric materials are used as emulsifiers 
and thickening agents for aqueous solutions and dispersions of both natural and 
synthetic latexes, floccuants… (104) 
 
1 = 1 − 12 
Equation 4 Chemical Composition of PAA-monomer of acrylic acid 
 
- PEI (polyethyleneimine): It is a polymer with repeating units composed of the amine 
group and two aliphatic carbon spacers (CH2CH2). Its structure may be either linear or 
branched. The PEI used for the slurries is the branched one, it is characterized by being 
liquid. It is used in products like adhesives, cosmetics or detergents. 
 
14111241 
Equation 5 Chemical Composition of PEI. Molecular formula 
 
Another common dispersant is carboxylic acid. 
 
• Wetting agents: They are a stable mixture of the slurry components. Their purpose is 
to reduce the surface tension between the binder solution and the powder particles to 
improve the stability of the coating. What they do is they spread the liquid on a 
surface putting the solid substrate in contact with the liquid. An effective wetting 
agent can be a surfactant. An example of a wetting agent would be COLA®CARB BEA. 
This wetting agent is used in metal cleaning, bottle washing… 
 
• Activators: In some coating methods as pack cementation and Chemical Vapor 
Deposition (CVD) halide activators are used. Activators are halide salts, generally 
chlorides and fluorides that react with the metallic component of the pack to form 
metallic halides with high vapor pressures. Their use is based on the fact that when 
heated at high temperatures the activator generates volatile metal halides which 
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diffuse through the gas phase and deposit on the substrate. Slurry coatings don’t 
usually contain this extra component because they rely on melting and subsequent 
diffusion of the deposited coating to the substrate. Another drawback they have is the 
fact that they lead to contamination of the surface of the substrate. (74), (81), (105) 
 
4.6 Previous Studies and State of the art of coatings 
 
Components in turbo engines and other energy producing systems are subjected by a series of 
attacks such as sulphidation, oxidation, chlorination, etc. There have been many attempts to 
improve the high-temperature oxidation resistance of titanium. For 60 years coatings that are 
able to answer this problem have been perfected. Overcoming this limitation has been 
attempted by several methods; some of the most common are by the addition of ternary 
elements (Nb, Si or W) and by surface treatments with the addition of alloying elements (82). 
Unfortunately the addition of ternary elements by modification of the microstructure has 
shown to have a negative effect on the mechanical properties of the material.  
Another approach followed in the field was the development of advanced coating 
techniques. In many cases the use of these techniques has led to an excessive variability and 
unpredictability in the operating conditions required discarding their use. An example of such 
is the use of thermal barrier coatings. Thermal barrier coatings are currently used in several 
engines (GE’s CF6-80C2, CFM56-5a and Pratt & Whitney’s PW2000 and PW 4000 series) to 
improve their performance. What thermal barrier coatings (TBC) rely on is the capability of 
thermal insulation in order to be able to improve the life of the coated component. Despite 
their use, they have not been yet widely accepted for temperatures that will result in a rapid 
degradation of the substrate and will not be until they can be produced with predictable and 
reliable properties. (106) 
Some of the latest studies carried out will be mentioned due to their importance or due to 
their relation with our project (as in the case of MAX phase films): 
 
 ADDITION OF ALLOYING ELEMENTS 
Regarding the addition of alloying elements different approaches have been followed. 
Alloying with silicon: Silicon does not only reduce the oxidation rate of titanium, it also 
improves its wear and creep resistance. The reason for surface alloying is that silicon modifies 
the mechanical properties of titanium; therefore bulk alloying would not be as effective. (37) 
 
Ti-Si alloys when Si is scaled are thought to play several functions: 
- Reduces the oxygen atoms diffusion rate through the scales. 
- Modifies stress-relaxation processes in the oxide layer promoting the formation 
of a layer characterized by a lower porosity. 
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Alloying  with Nb and Cr to pack aluminizing: As aluminide coatings have shown to provide 
good oxidation resistance properties aluminide coating have been a focus of research. 
Experiments have been done for TiAl substrate, which has been noticed to be a good 
candidate for high temperatures due to its high specific strength at elevated temperatures, 
and carried out by the pack cementation method. These experiments have shown that the 
addition of small amounts of Nb or Cr helps improve aluminizing kinetics increasing the 
diffusion of aluminum and creating a stable Ti3Al layer which protects the substrate from 
oxidation. This layer that is formed has a different crystal structure which instead of being 
brittle is ductile. (82) 
Alloying with alumina forming materials: Other lines of investigation have been based on 
favouring the formation of highly protective alumina scales by using alumina forming 
materials, such as Ag and Cr. Positive results have been obtained with -TiAl+Cr (10-20% Cr 
content) and -TiAl+Ag (1-5% Ag content) but the poor mechanical properties achieved make 
them unsuitable for construction. (73) 
Slurry-aluminizing: This is one of the most common procedures to create high-temperature 
coatings. It is a simple a simple, effective way to form which are similar in microstructure to 
chemical vapour deposits. One of the limitations encountered with slurry coatings is 
determining the optimum amount of slurry to the substrate to ensure that the thickness is 
consistent. This seems to be the main reason why this coating method hasn’t spread in the 
industry. If the slurry is too thin the slurry won’t contain enough amount of aluminium to 
provide the adequate protection to the substrate, whereas if it is too thick, the coating is very 
likely to crack due to the formation of brittle aluminides, leading to a mismatch between the 
expansion coefficient of the substrate and the coating. (96) 
 
 MAX PHASE FILMS 
Nanolaminate ternary ceramics have attracted attention for some time due to their excellent 
combination of ceramic and metallic materials (see Table 4). It is for this reason that they have 
been considered excellent candidates for high temperature coatings. Besides their applications 
in bulk form these last ones are also technically attractive, it is true though, that despite their 
outstanding properties due to the complexity of ternary ceramic surface states most studies 
carried out so far have been focused on binary compounds which posses simpler particle 
states.  
MAX phase slurry coatings are something quite new to the field of oxidation resistant 
coatings; therefore the background obtained for this project was taken from slurry aluminide 
coatings.  
Nonetheless, studies with films and coatings have been carried out leading to discoveries 
in the field of MAX phases. Some of the methods used are (61): 
• Magnetron sputtering: The deposition of ternary compounds in the Ti-Al-C system (Ti, 
Al and C) in ultra-high vacuum was made by depositing almost pure phase films of 
Ti3AlC2 and Ti2AlC on a Al2O3substrate with a TiC seed layer. By doing this it was 
discovered that: 
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- Formation of MAX phases is temperature dependent, needing temperature 
superior to 800℃. (107) 
 
- Pressure does not influence the composition of the MAX phase coating, but 
temperature does, increasing the temperature leads to further reduction of the 
Ti content in the composition (108) 
 
• Pulsed cathodic arc: TiCx thin films were deposited also on a Al2O3 substrate at 900℃. 
These experiments proved that Al2O3 is not an ideal substrate material for the growth 
of transition metal carbides and MAX phase thin films. 
 
• High velocity oxy-fuel spraying (HVOF): In this case the experiments were done on 
stainless steels substrates, by doing this it was discovered that the powder size 
increased as the amount of powder sprayed decreased. Using larger powder-sized 
particles retained a higher volume fraction of MAX phase in the coatings, however, 
increasing the porosity. (109) 
 
 DEVELOPMENT OF NEW COATING TECHNIQUES 
As time goes on deposition technologies improve and become more advanced. Some of the 
latest emerged are (110) 
- Vacuum polymer deposition (VPD) 
- Atomic layer deposition (ALD) 
- High-power pulsed magnetron sputtering (HPPMS) 
- Filtered cathodic arc deposition. 
- Glancing angle deposition (GLAD) 
VPD and ALD have recently emerged as processes that can achieve molecular doping, 
polymer thin films and nanocomposites. GLAD can achieve unique microstructures impossible 
to obtain with conventional substrate-source configurations and deposition processes. HPPMS 
films have a high density and excellent adhesion to the substrate, making them excellent 
candidates for corrosion-resistant coatings, barrier coatings and electronic applications. 
Other approaches under investigation are the attempt to improve the reliability of thermal 
barrier coatings and the study of coating processes that allow obtaining even coatings. Work 
on TBC is now on its way to achieve a careful process control that allows a more thermal 
fatigue resistant coating for their use in both stationary and rotating gas path components. For 
the second matter of study the technique which seems to be most promising in the area of 
overlay coatings is the high-velocity plasma technique due to the impact of the powder onto 
the workpiece which results in a much stronger bond between coating and workpiece than 
that achieved for example by conventional subsonic plasma spray deposition. (110) 
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CHAPTER 5: 
EXPERIMENTAL PART 
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5.1 Introduction 
 
To study the improvement of the oxidation resistance on Ti-6Al-4V 20 pieces were prepared. 
Five different conditions were studied. The first one were the normal oxidation of the Ti-6Al-
4V substrate, for the four other groups, two different slurries were used, a Ti3SiC2 (312) and 
Ti2AlC (211) MAX-phase slurry coating were used with two different deposition methods. To 
clarify this explanation the following schema shows in more detail the purpose of each piece. 
 
 
Figure 21 Schematic diagram of distribution and treatments carried out to each of the samples 
 
 The experimental procedure can be divided into several steps: 
I. Preparation of the substrates. 
II. Slurries composition. 
III. Diffusion of the slurries. 
IV. Oxidation treatment. 
V. Metallographic preparation of the samples. 
VI. Characterization of the samples: XRD and SEM. 
 
5.2 Preparation of the substrates 
 
In this project a single substrate was used. The starting point of the whole experimental 
process began with a sheet of wrought Ti-6Al-4V. Even before cutting the material it could 
clearly be noticed how the raw material had scratches. This fact is will influence later 
processes. 
As the substrate used is wrought Ti-6Al-4V, there was no need to manufacture the pieces. 
To obtain the desired sample size the samples were cut with the appropriate measurements. 
Eventually the approximate size of the pieces was 10 mm×15 mm× 1.5 mm (see Figure 22). 
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Figure 22 Approximate Substrate geometry of the samples treated 
 
The machine used can be seen below (Figure 23). The disk used had a diamond contour 
which was the one responsible of cutting the piece. It is known that despite the expense of 
diamond tools they are one of the few materials that have a good cutting performance and 
reduce the wear rate. (9) The cutting speed used was 1000 rpm, due to the fact that using 
higher speeds resulted in sparks. To help heat dissipation a cutting fluid was used. 
 
 
 
Figure 23 Cutting machine used to cut the wrought Ti-6Al-4V sheet into the different samples to be treated 
 
Once all the pieces had been cut both top and bottom surfaces had to be ground on both 
sides in order to ensure that the surface finish of all the samples was homogeneous. Grinding 
removed the external natural oxide layer on the samples. Removing this layer allowed the 
coating to be in direct contact with the substrate. The main reason for grinding both sides of 
the samples is to allow a better adhesion of the coating and also to provide an homogeneous 
surface finish. 
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In this step the grit paper used was P180, P360 and P400, the grit that provides the finest 
grain out of the three is P400. The grain composition of the grit paper was silicon carbide. 
Eventually the surfaces were grinded to a 400-grit finish.  
 
 
Figure 24 Grinding machine to grind samples  
 
The last action in this step was to clean the pieces ultrasonically (the machine used can be 
seen in Figure 25) using ethanol. The cleaning was done for five minutes; with this all the 
possible contaminants were removed. After the cleaning process the pieces were dried and 
after manipulating them with tweezers, to avoid contamination by foreign particles, placed in 
sealed bags so the pieces wouldn’t oxidize. 
 
 
Figure 25 Ultrasounds bath machine used for cleaning the samples 
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5.3 Slurry composition 
 
5.3.1 Introduction 
 
Determining an optimum slurry composition is of mayor importance; the weight content of 
solids, the use of a dispersant, the kind and amount of binder used and pH are some of the 
factors that determine the behavior of the slurry (75).  Before making the final slurries several 
tests were made to determine if the viscosity was the appropriate one, if the solid 
concentration desired could be achieved, etc.(see Annex I) 
Feedback on the slurry composition of Ti3SiC2 was able to be provided from previous 
studies; therefore the slurry used had already been optimized for pH and dispersant 
quantities. For the experiment these parameters were used increasing the solid content to see 
the actual outcome of the predictions and whether they could be used for our purpose. 
Regarding the Ti2AlC it is worth mentioning that there has been no previous experience; 
then the final composition for this suspension will be based on the results from the Ti3SiC2. 
From the usual components a slurry coating has (see Chapter 4) only the dispersant, solvent 
and powder were to be used as a starting point. It is known that in studies for slurry coatings 
binders are generally used, for example in alumina based slurries. The type of binder and the 
amount used are the most important parameters affecting the stability and film smoothness. A 
study on whether the use of a binder would be required was done.  
The binder used as well as its content was taken from experiments done with alumina 
based slurries. These experiments had proved that the best binder and the content that 
provided optimum film viscosity and stability was PEG (polyethylene glycol) with a 3 wt. %. (75) 
Activators are a usual component of slurries but as Titanium is a highly reactive material the 
use of a halide activator will be avoided. 
Additionally, it is known that the pH affects the stability and behaviour of the film, affecting 
the ordering of the particles. For this reason the pH evolution will be controlled for each of the 
slurries. An incorrect pH can result in particle attraction instead of repulsion, causing undesired 
agglomerations; therefore obtaining a balance between the pH and the dispersant 
concentration is of utmost importance. An example of its importance is the case of the PAA 
dispersant where a low pH promotes the adsorption onto the powder particles. (111) 
 
5.3.2 Slurry composition and preliminary computations 
 
In both slurries the same %wt. solid content was attempted to be achieved. The dispersants 
used for each one were different due to the acidic or basic character of the solution. The pH of 
the water was adjusted for Ti3SiC2 to basic, whereas for Ti2AlC no modification of the neutral 
character of water was done in case the acidic solution would react with the substrate. The 
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different powders have their character defined by the metal which dominates the behavior, Si 
and Al respectively. 
The acid and base used to increase or decrease the pH of water are TMAH 
(Tetramethylammonium) and HNO3 (Nitric acid) respectively. A thorough control of the pH was 
decided not to be maintained during the whole process because it would require adding more 
acid or base at each step, leading to an increase in the liquid content of the solution and a 
subsequent increase in the amount of powder needed to obtain a reasonable viscosity. 
Alternatively, what was checked is that we are in a reasonable range during the whole process 
(0.5 to 1 below and above the preset value).   
The final composition of the slurries was obtained from the experiments done (To see the 
development of the tests see Annex I); from them the following conclusions were reached 
which were used to guide the composition of the two final slurries: 
• Using PEG as a binder was necessary for both slurries in order to obtain a good 
adherence to the surface of the substrate and a more viscous slurry. 
 
• As the slurries used in both cases dry off quite quickly there was no need to use a 
furnace to accelerate the drying, as it was thought of doing in a first approach. Using a 
furnace would ensure the evaporation of the liquid media and help drying. Leaving it 
for two hours or so would provide total drying off of the slurry, but in order to ensure 
total drying once the slurry was deposited a day would be left before putting the 
pieces in the vacuum furnace to allow the diffusion of the coatings to the titanium 
samples.  
 
• The pH of the initial solution for the case of the Ti3SiC2 slurry would be done without 
any further volume addition to improve the viscosity of the final slurry. The volume of 
water needed for the slurry would already be pH~9. 
 
• Particle size is quite relevant, as the powder particle size is for both cases in the order 
of 10-6 a good viscosity is achieved, bigger particle size would lead to problems related 
to the particle suspension and if increasing the solid content to try and achieve a less 
fluid slurry far too solid for proper managing and spreading on the surface. Despite the 
fact that Ti2AlC grain size is slightly larger than the Ti3SiC2 grain-size, this small size 
difference doesn’t lead to suspension problems. 
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With this the components that were to be used for the slurry could be listed: 
 
 COMPONENTS OF THE SLURRY 
 
1. MAX phase powder: Ti3SiC2 and Ti2AlC→ 60% wt. solid content. 
Regarding the sizes of the powder particles used for the slurries are: 
• For the 211 slurry: D(50)=9.801 µm 
• For the 312 slurry: D(50)=5.58 µm 
 
2. Binder: PEG (polyethylene glycol) in this case→ 3%wt.  with respect to the total solid 
content. The PEG used for the calculations was PEG 20000. 
 
3. Dispersant: PEI for Ti3SiC2 and PAA for Ti2AlC (a brief overview of their properties 
was given in Chapter 4). 
 
- PEI (polyethyleneimine): PEI was provided in a solution 1:10, so using the 
required mass and the density value the volume needed for the slurry was 
calculated. The PEI wt.% with respect to the solid content will be 0.2. 
 
- PAA (poly acrylic acid): Provided in a solution with a 25% water content 
therefore the calculations done for the quantity needed had to be transformed 
from 100% purity to a 75% purity. The PAA wt.% with respect to the solid 
content will be 2. 
 
4. Distilled water.  
 
 
 PRELIMINARY COMPUTATIONS  
To calculate the masses and volumes for the preliminary calculations the densities of each 
component were needed, the values for the different densities used can be seen in the next 
Table (112): 
 
DATA 
COMPOUND Densities (g/ml) 
H20 1 
PEG 1.128 
PEI 1.08 
Ti3SiC2 4.53 
Ti2AlC 4.11 
PAA 1.2 
 
Table 9 Density values for starting materials 
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The final slurries where done for a volume of 10 ml to avoid using such large quantities of 
powder due to how expensive MAX- phase powder is.  
 
Ti2AlC 
Using the weight percent values given for the components calculations for the mass 
composition will be developed according to the following formula:  
5!6! =
7!6!
!"(89%
:!"(89%
+
;88<=%
:;88
+
;?@<=%
:;?@
+
A(6<=%
:A(6
 
Equation 6 Total mass composition for the Ti2AlC slurry 
 
5!6!	represents the total mass content to obtain a 10 ml volume and the wt% of each 
component is the represents the .wt% out of the total mass. Multiplying the total mass by the 
respective proportion of each component the final mass for each will be obtained.  
The resulting masses and volumes used for the slurry can be seen in Tables 10 and 11, with 
the amount of PAA for the 75% volume purity solution provided already computed. 
 
 
 
Table 10 Amount of PAA added in the final Ti2AlC slurry 
 
 
 
Table 11 Final Ti2AlC slurry composition 
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Ti3SiC2 
Just as for the other MAX phase the same solid content, 60% wt. was used with a 0.02% wt. 
with respect to the solid content for the dispersant (PEI). The dispersant concentration was 
taken from previous studies for a similar MAX phase (Ti3AlC2).  
The formula used to get the total mass content is similar to that used for Ti2AlC (Equation 7) 
and the procedure to get the individual mass values for each component the same. 
 
5!6! =
7!6!
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Equation 7 Total mass composition for the Ti3SiC2 slurry 
 
The resulting PEI content for the 1:10 solution and masses of all the slurry components can 
be seen in Tables 12 and 13. 
 
 
 
Table 12 Amount of PEI added in the final Ti3SiC2 slurry 
 
 
Table 13 Final composition of the Ti3SiC2 slurry 
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 PROCESS FOLLOWED 
The starting point for both slurries is the same. First of all, you pour the amount of distilled 
water calculated into a beaker. The initial pH is measured, as its water it should be around 7. 
The beaker is placed on a magnetic mixer and a magnet is put inside the beaker. With the 
magnetic field created the magnet will start spinning mixing all the components. 
 
 
Figure 26 Photographs of the components used to prepare the slurries 
 
The first thing that is added is the dispersant, PAA or PEI in each case. After this the pH is 
measured once again, to determine the effect of PAA. Next, PEG is added. When it is seen that 
all the PEG has dissolved the pH is newly measured. Last of all the MAX phase powder is added 
and mixed. Once the slurry is finished and the solution completely mixed the pH is measured 
for the last time and it is passed through the ultrasounds machine to break apart possible 
agglomerations and leave a more uniform slurry; this is done for 30 seconds. The effects of 
subjecting the slurry to ultrasounds were visible; both slurries became less dense than before 
and seemed to be more liquefied.  
Each slurry had to be made twice, one for each diffusion process because properties may 
be lost from the time the first diffusion process is carried out until the second one takes place. 
Although in our case the time between one and the other was just one day a new slurry was 
made nonetheless. 
 
Ti2AlC 
The reason for using PAA dispersant  instead of PEI for this slurry is that in experiments done 
for Ti3AlC2 is showed it had an excellent stability in a pH of around 5 when adding 2 wt.%. At 
first it was considered making the water solution acid (pH~5) but given the fact that Ti-6Al-4V 
is very reactive and that adding HNO3 to the slurry might cause undesired reactions it was 
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decided that that the natural pH obtained from mixing the different components would be 
maintained without controlling it with an acid or base; though a thorough control of the pH 
was done in each test to see how it evolved through the process. (113) 
The general process followed to obtain the slurry using a binder is indicated in the following 
figure: 
 
 
Figure 27 Schematic diagram of the steps followed to obtain the Ti2AlC slurry 
 
The measurements of the pH evolution obtained for the two Ti2AlC slurries at each step were 
obtained using a pH-meter the results were the following: 
 
pH Evolution Ti2AlC Diffusion at 1100℃ 
STEP pH 
Initial value of water 7.22 
After PAA addition 3.6 
After PEG Addition 3.96 
Final-After powder addition 4.31 
 
Table 14 Final pH Evolution for Ti2AlC slurry for diffusion at 1100℃ 
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pH Evolution Ti2AlC Diffusion at 1200℃ 
STEP pH 
Initial value of water 6.74 
After PAA addition 4.15 
After PEG Addition 4.23 
Final-After powder addition 4.18 
 
Table 15 Final pH Evolution for Ti2AlC slurry for diffusionat 1200℃ 
 
Ti3SiC2 
 
In this case the process is the same but with a slight variation; the initial pH is set to 9.The 
summary of the steps followed for this case is seen below: 
 
 
Figure 28 Schematic diagram of the steps followed making the Ti3SiC2 slurry 
 
The pH evolutions obtained for the two diffusion temperatures for this slurry are: 
pH Evolution Ti3SiC2 Diffusion at 1100℃ 
STEP pH 
Initial value of water 10.19 
After PEI addition 10.65 
After PEG Addition 9.35 
Final-After powder addition 8.41 
 
Table 16 Final pH Evolution for Ti3SiC2 slurry for diffusion at 1100℃ 
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pH Evolution Ti3SiC2 Diffusion at 1200℃ 
STEP pH 
Initial value of water 9.55 
After PEI addition 10.56 
After PEG Addition 8.3 
Final-After powder addition 7.5 
 
Table 17 Final pH Evolution for Ti3SiC2 slurry for diffusion at 1200℃ 
 
Once the slurries were finished they were spread on the pieces with a brush and left to dry 
off at room temperature for 24 hours, this way the carrier liquid was eliminated before being 
put in the vacuum furnace to be subjected to a heat treatment so the slurries diffused in the 
substrate. In Figure 29 the evolution of the samples during the application of the slurry coating 
can be seen. 
 
Figure 29 Photograph of the coating process: a) uncoated samples b) after deposition of the slurries on the 
samples c) final coated samples after 24 hours drying 
 
 
The samples have to be coated homogeneously over the whole surface 
an even diffusion coating all over. If the bottom part of the samples, which was touching the 
wires was not completely covered with the coating when dry, the pieces were turned around 
and another layer of coating was
 
5.4 Diffusion process
 
Once the slurry coatings had dried off the pieces were placed on a layer of zirconium
inside a crucible. Zirconium oxide 
The diffusion process of the samples was done using a high vacuum furnace (
Vacuum is the best condition to guarantee contact formation. It facilitates the evaporation of 
the impurities and the removal of the adsorbed gas. Diffusion layers obtained under vac
are of even depth and high surface
 
The temperature at which annealing or diffusion takes place 
favorable results for slurry aluminide coatings have been within the 850
case diffusion was carried out at 1100
slurries.  
 
Figure 30 
 
During the diffusion process the 
the other hand evaporates. This fact will be corroborated when studying the final composition; 
it will be noticed how no traces of binder will be found.
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in order to achieve 
 spread on top. 
 
is used to prevent the samples from touching the crucible. 
-finish quality. (91) 
affects the surface finish, 
-1100
℃ and 1200℃ due to the ceramic character of the 
Photograph of the samples before the diffusion treatment
coating elements diffuse into the substrate. The binder on 
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 oxide 
 
Figure 31). 
uum 
℃ range. For our 
 
 at 1100℃ 
 
Figure 
 
The furnace was programmed to follow
at 1100℃) to have an increase of 5
according to whichever of the two
 
Figure 32
 
The samples were subjected to a 
the coatings would diffuse into the substrate
kept at conditions close to vacuum, around 2·10
decreased at a theoretical rate of 5
of decent is longer than the expected.
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31 Vacuum Furnace used for the diffusion process 
 the cycle seen in Figure 32 (in this case for 
℃ per minute until reaching either 1100
 sintering conditions was being carried out. 
 Cycle for Diffusion at 1100℃ in the Vacuum Furnace 
diffusion treatment during 4 hours at 1100
. During the diffusion process, the pressure was 
-5 mbar. After the four hours the furnace 
℃/min until reaching 25℃, it is known that the actual rate 
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diffusion 
℃ or 1200℃ 
 
 
°C/1200°C so 
The process was repeated
pictures of how the pieces were before the 
33. 
 
Figure 33 Photograph of the samples before 
 
After the diffusion treatment had taken place, b
were cleaned with the ultrasounds
remains of the coating that had not 
to remove all the remaining slurry, despite cleaning them several times powder still fell off 
progressively. 
 
5.5 Oxidation Treatment
 
After the diffusion of the coating
the start of the oxidation treatment the pieces that were to be inserted in the oxidation 
furnace had to be carefully measured and weighted.
The pieces were weighted in order to determine the mass gain through oxidation, this was 
done using the microbalance 
measured with a caliper to get the initial surface of the samples. No surface variation w
considered through the oxidation 
at each step. 
When carrying out oxidation experiments there are two processes which are generally 
used. They are isothermal processes, in which oxidation i
temperatures; or cyclic oxidation consisting of a series of repetitive processes in which the 
samples are oxidized in the furnac
used is the cyclic oxidation one
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 all over again for the pieces that were to diffuse
diffusion treatment can be seen in Figures 
the diffusion treatment at 1200
efore moving on to the next step the pieces 
 machine using acetone (for 5 minutes again)
diffused. The ultrasounds machine did not seem to be able 
 
 the pieces were ready to start the oxidation process. 
 
seen in Figure 34, which allowed a precision of four 
process; therefore the initial surface was used as reference 
s studied under several different 
e then brought out and measured. The process we have 
. 
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 at 1200℃. The 
30 and 
 
℃ 
, to remove all 
Prior to 
decimals; and 
ill be 
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Figure 34 Microbalance used for the mass measurements during the Oxidation cycles 
 
The mass measurements were done three times to reach more accurate results and the 
dimension measurements were done on both sides of the sample and in the middle. The initial 
reference area will be computed using the mean of the three values for each measurement 
(length, width and thickness).   
Fifteen pieces were placed inside the furnace, three for each coating and sintering 
condition (4 conditions) and 3 Ti-6Al-4V that had not been treated, as reference to compare 
the evolution of the oxidation. The furnace used for the oxidation treatment can be seen in 
Figure 35. 
 
 
Figure 35 Furnace used for the Oxidation treatment 
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For the oxidation treatment the samples have to have the most surface possible exposed to 
the oxidizing atmosphere (air atmosphere). In order to do this a crucible with high 
temperature resistant wires was made. This item allowed the pieces having the highest area 
possible exposed to air and samples from not touching one another. The placing of the 
samples on the crucible is shown in Figure 36. 
The oxidation process was to be done for 300 hours. Along the process the pieces were to 
be brought out of the furnace and measured at several steps of the treatment, these 
measurements done were at: 12 hours since the beginning, 24 hours, 48 hours, 100 hours, 150 
hours and 300 hours (end of oxidation). 
The temperature at which oxidation was to take place was 600℃. The cycle programmed 
for the furnace was a rate of climb of 10℃/min until 600℃, dwell at this temperature for as 
long as established in the treatment (therefore it would be 12 hours, 12 hours, 24 hours, 52 
hours, 50 hours and finally 150 hours) and last of all return to 30℃ at a rate of 10℃/min.  
 
 
Figure 36 Photograph of the sample setup before starting the oxidation treatment 
 
 A fact of importance noticed even before starting oxidation and that will affect the results 
obtained is that although the sintered pieces were carefully cleaned using the ultrasounds 
machine the coating progressively fell off, therefore the measurements obtained after the first 
oxidation cycle the weight decreases, and also the oxide created on some of the samples is 
very light that despite developing on the piece it cannot be considered when measuring the 
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samples because if blows off. The reason for this behavior will be analyzed when studying the 
results. 
 
5.6 Metallographic preparation of the samples 
 
The two methods of analysis that were used to study our results were: SEM (Scanning Electron 
Microscopy) and XRD (X-Ray Diffraction). 
When all the samples are ready to be analyzed they were specially prepared before being 
able to be observed by SEM. The reason for doing this is that to be able to do SEM the pieces 
cross-section has to be perfectly prepared for observation. The samples to be characterized by 
XRD do not require this step. The working principles of both SEM and XRD will be discussed in 
the next section. 
To prepare the samples several steps were followed. The most important ones are the first 
two in order to ensure that when cutting the pieces to observe the cross-section the slurry 
coating doesn’t fall off. They are as follows: 
1) GOLD COATING. The samples were coated with gold. This was done by ion 
bombardment. The whole purpose of this preliminary step is to make the pieces 
conductive and to ease the deposition of the later copper layer. 
 
2) COPPER COATING. This new coating will allow the slurry to remain unaltered and 
prevent it from falling off when cutting the pieces in half, in other words the copper 
layer has a protective purpose. The coating will be formed by electrodeposition. The 
electrolyte used was a solution with the following composition: 
FG22	 + 1G3.3	J + 1 → KLM	100	J	PFQPL 
 The amount of water added will be that needed in order to obtain 100 ml of solution. 
 In order to deposit the coating a copper plate was used as anode and the substrate 
acted as cathode. Each sample which was to be coated had to be done independently. 
The experimental setup can be seen in Figure 37. 
To achieve electrodeposition of the copper coating a continuous current of around 100 
mA (in our particular case 105 mA) was applied for around half an hour with a tension 
of 10 V. The look the pieces get once they have been coated with copper is seen in 
Figure 38. 
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Figure 37 Photograph of the experimental Setup for coating with copper 
 
 
 
 
 
3) CUTTING. Posterior to the application of the copper coating the pieces are cut using 
the micro-cutter (see Figure 39), the reason for this is that when doing SEM analysis to 
have a representative view of the cross-section the edge sections shouldn’t be used.  
 
 
 
 
4) MOUNTING. The pieces that had been cut were then paired up and mounted in an 
acrylic conductive resin to ease later operations. Additionally, on top of the conductive 
Figure 38 Snapshot 
of a sample coated 
with copper 
Figure 39 Micro-Cutter used for cutting the samples after the oxidation treatment 
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resin we placed a layer of non-conductive resin for labeling the pieces. To mount the 
pieces the cycle programmed was one at a temperature of 170℃ for 15 minutes.  
 
 
 
Figure 40 Machine used to mount to samples 
 
5) GRINDING AND POLISHING. As the cross sections are going to be zoomed in a 
tiny scratch would seem huge therefore to remove any possible defect on its surface 
the mounted pieces have to be grinded and then carefully polished. 
 
Grinding was done using the following sequence of grit paper: 120, 180, 320, 400, 
600, 1000. The operating principle was the same as in the step in which the substrate 
was prepared to be coated, and so was the machine (see Figure 24). The grains of the 
sample were all oriented in the same direction and the surface of the sample was left 
at the same level. First the grit paper with larger grain and then the fine one to achieve 
a fine surface finish.  
Polishing on the other hand was done using diamond suspensions. Just as in the 
grinding the polishing process was done by polishing through three different plates. 
Polishing is based on adding an abrasive fluid or paste to remove all the scratches from 
the sample. For the first plate used the abrasive used was a water based diamond 
suspension with a particle size of 1μm, with this one the deeper scratches were 
removed. For the next plate a diamond paste with particle size of 0.1 μm was used and 
eventually on the third plate used a water based colloidal silica suspension with a 
particle size of 0.06 μm was used as abrasive agent. The proportion used for this last 
suspension was 1:10 (1 ml of colloidal silica for 10ml solution). Additionally for the first 
two plates a water based diamond lubricant was used to ease the operation. The 
machine used for the polishing operation can be seen in Figure 41. 
With this done the pieces were then ready to be characterized by SEM. 
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Figure 41 Polishing machine 
 
5.7 Sample Characterization 
 
5.7.1 Characterization by X-Ray Diffraction (XRD) 
 
The first study done on the surface of the samples was done by the XRD technique. XRD allows 
determining the crystalline structure of the material. To do this especial equipment had to be 
used. The machine used was a PHILIPS X-PERT. It used a copper anode as emission source with 
a voltage of 40kV and a current of 40 mA. Two different cycles were programmed to obtain the 
diffraction pattern of the samples. The only parameters varied from one cycle to the other 
were the diffraction angle range and the step size. The first sample analyzed (Ti-6Al-4V without 
treatment) was done using CYCLE 1 but in order to obtain more accurate results all subsequent 
samples analyzed used CYCLE 2 (see the conditions of each cycle in Table 18). 
 
Cycle 
Starting 
position (2R°) 
Ending position 
(2R°) 
Step Size (s) 
Duration 
(h:min) 
CYCLE 1 20.0100 99.9900 1.7 1:53 
CYCLE 2 30.0100 89.9900 2.2 1:50 
 
Table 18 XRD Analysis conditions used to obtain the diffraction patterns of each sample 
 
The machine we used to analyze the samples can be seen in the following picture. 
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Figure 42 XRD Machine PHILIPS X-PERT 
 
In the diffraction experiment an incident wave is directed into a material and a detector is 
typically moved to record directions and intensities of the diffracted waves. The type of atom 
and its position is closely related to the direction in which the waves are diffracted. 
The result of X-ray diffraction is a diffraction pattern. Diffraction patterns are like the digital 
fingerprints of a material; they are a shadow of the distances in a material. Large spacings 
cause diffraction at small angles, whereas small spacings do at high diffraction angles. For 
diffraction to be effective the incident waves must have wavelengths comparable to the 
spacing between the atoms. The principle of operation XRD is based on is quite simple. A 
monochromatic X-ray beam with wavelength λ impinges on the lattice planes at an angle θ, 
diffraction will only occur when the distance travelled by the reflected rays from successive 
planes differs by a complete number of wavelengths n, satisfying Bragg’s Law. (114) 
 
LT = 2ULV 
Equation 8 Bragg's Law 
U: interplanar spacing.  
In the case of cubic crystals the interplanar spacing results from the lattice (MW) parameter 
and the Miller indices (hkl) following Equation 9. 
 
UXYZ =
M[
√ℎ + ^ + 
 
Equation 9 Interplanar Spacing 
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Figure 43 Diffraction: Geometry for the interference of a wave. 
 
Varying the angle V makes Bragg’s Law be satisfied for different spacings (U) in crystalline 
materials. Plotting the intensities and diffraction peaks produced provides the resultant 
characteristic diffraction pattern of each sample. With the diffraction pattern we can obtain 
the phases present in the sample (peak positions), the phase concentrations (peak heights), 
the amorphous content (background bump) and crystalline size (peak widths). 
The resulting diffraction patterns obtained from the scan will then be analyzed to 
determine the existing phases and composition of the samples. The analysis of the possible 
species was done using the program X-Pert High Score. What this program does is identify the 
possible peaks found in the diffraction pattern with the diffraction patterns of the phases it has 
stored in the database it uses, in our case the PDF2 database. The PDF2 database, however, 
does not include the diffraction pattern of the Ti2AlC MAX phase, therefore to obtain the 211 
peaks a comparison had to be made with reported diffraction patterns from different authors 
(109), (115)- (116).The results of the analyses can be seen in Chapter 6. 
 
5.7.2 Characterization by Scanning Electron Microscopy (SEM) 
 
The second characterization method used to study the samples is the Scanning Electron 
Microscopy (SEM). SEM provides information about the external morphology, chemical 
composition, crystalline structure and the orientation of the composition of the materials that 
make up the sample. 
What SEM does is use electrons to form an image which allows seeing the features of the 
material with a much greater accuracy. To do so it uses a beam of high-energy electrons to 
generate many different signals on the surface of the material, this beam is produced at the 
top of the microscope by an electron gun. (114), (117) 
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Figure 44 Scanning Electron Microscopy (SEM). (118) 
 
The beam of electrons follows a vertical path through the microscope, which is held in 
vacuum. The impinging beam contains large amounts of kinetic energy, when bombarding on 
the sample, the incident electrons are decelerated by the sample receiving them.  
Once the beam hits the sample, electrons and X-rays are ejected from the sample (Figure 
45). The signal contains secondary electrons (SE), which are the ones responsible for creating 
the SEM images, backscattered electrons (BSE) and diffracted backscattered electrons (EBSD). 
These last ones are the ones that allow determining the crystal structures and orientations of 
metals. In general what can be said is that backscattered allow determining the chemical 
composition whereas the secondary electrons provide an idea of the topography of the 
sample. 
 
Figure 45 Signal emitted from electron bombardment (SEM). (118) 
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Some of the limitations of this method of analysis are that the samples that can be 
observed must be solid and an appropriate size to fit in the microscope chamber, and also that 
for pieces that are insulators a conductive coating must be applied to the sample. The most 
common conductive coatings applied are carbon (suitable when an elemental analysis is the 
main goal of the analysis) and gold (when what’s wanted is to achieve a high resolution in the 
electron images).  
 
The samples were placed inside the SEM 
machine. To make them conductive a colloidal 
graphite isopropanol based solution was spread 
on each corner of the samples. Once the 
machine reached vacuum the analysis could 
start. For the characterization of our samples the 
tension used was 20kV. 
The results obtained for the cross-section of the 
samples, both the images and the EDS analyses 
are presented in Chapter 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46 SEM machine used 
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CHAPTER 6: RESULTS & 
DISCUSSION 
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6.1 Introduction 
 
To analyze the results obtained in this project four analysis will be done. They are: visual 
inspection of the samples, graphs of oxidation evolution (mass gain per unit area vs. time of 
exposure), analysis of the results obtained by X-Ray diffraction (XRD) and analysis of the 
transversal cross-sections of the samples by Scanning Electron Microscopy (SEM). 
 
6.2 Diffusion and Oxidation observations. Visual Inspection. 
 
Prior to the analysis of the results obtained it is considered of interest to mention what was 
observed in the diffusion and during the oxidation treatment. 
In the two pictures below (Figures 47 and 48) the look the samples had when brought out 
of the furnace from the diffusion treatment can be seen. Their relevance lies in the fact that 
they will be the starting point of the analysis. In both photographs the 4 samples located on 
the right are the ones that were coated with the 211 slurry, whereas the 4 samples on the left 
were coated with the 312 slurry. 
A general glimpse of the look the samples had before and after the oxidation process can 
be seen in Figure 49. Additionally, any observation made throughout the process will be 
mentioned. This was done to keep track of any unexpected turnouts during the oxidation 
cycle. 
When opening the furnace the most astounding fact noticed after the first 12 hours of 
oxidation in air at 600℃ was that the samples that had been coated with the 211 slurry 
seemed to have exploded (this phenomenon will be discussed in section 6.6). A white dust, 
probably titanium oxide, covered all the samples that had been coated with the 211 MAX 
phase.  
 
 
Figure 47 Photograph of the samples coated with MAX phase slurry after a diffusion treatment at 1100℃ for 4 
hours. 
 
Figure 48 Photograph of the samples coated with 
 
Note: Taking a close look at the 
lost part of the coating, something that did not happen in samples treated at a temperature of 
1100℃. This might have been due to evaporation 
have complet
 
 
Figure 49 Comparative photograph
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MAX phase slurry after a diffusion treatment at 1200
hours. 
samples after diffusion at 1200℃ the pieces seem to have 
or decomposition of the coating
ely diffused inside the sample. 
s of the samples in the crucible before and after 300 hours of oxidation in air at 
600℃ 
93 
℃ for 4 
, or it might 
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Another important observation was the fact that the coatings that had diffused at 1100℃ 
seemed to have had a better oxidation resistance, in the case of 312 samples, they appeared 
to have no noticeable titanium oxide (white region) whereas for 1200℃ the pieces had started 
turning green and had small patches of white. The 211 samples that had diffused at 1200℃ 
also displayed a larger amount of oxide after the first cycle. 
 
 
Figure 50 Snapshot of the look the 211 samples had after 12 hours oxidation. 
 
The general observation after the 300 hours oxidation in air at 600℃ was that the samples 
had not oxidized homogeneously. A more detailed visualization of the transformation that the 
samples suffered after the 300 hours of oxidation in air at 600℃  is seen in Table 19, where the 
different regions the samples exhibit are clearly noticed. From the visualization it would seem 
that the samples that appear to have performed best are the samples coated with the 312 
MAX phase slurry that diffused at 1100℃. 
 
VISUAL INSPECTION OF THE SAMPLES: TRANSFORMATION 
Ti-6Al-4V with 211 coating 
Diffusion at 1100℃ Diffusion at 1200℃ 
BEFORE AFTER BEFORE AFTER 
    
Ti-6Al-4V with 312 coating 
Diffusion at 1100℃ Diffusion at 1200℃ 
BEFORE AFTER BEFORE AFTER 
    
  
 
Table 19 Summary of the visual transformation of 
 
6.3 Characterization of Coatings
 
An analysis of both oxidized and non
different conditions carried out.
 
6.3.1. Characterization of the 
 
The substrate is the reference condition used to determin
samples.  
NON-OXIDIZED SAMPLE 
 
Figure 51 Backscattered Electron image of the cross
after oxidization in air for 300 hours at 600
 
The substrate by itself exhibits 
51a). Vanadium is present in the lighter areas which correspond to
the titanium alloy. The microstructure exhibited is a fine
small amount of intergranular 
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Ti-6Al-4V 
BEFORE AFTER 
  
the samples before and after the 300 hours
treatment in air at 600℃ 
 
-oxidized samples will be made for each of the 
 
Ti-6Al-4V uncoated substrate 
e the performance of the coated 
 
-section of the Ti-6Al-4V uncoated substrate 
℃ 
the typical microstructure of this kind of alloy
 the  phase 
 equiaxed + structure, in which the 
 can be noticed. 
95 
 oxidation 
 
(a) before and (b) 
 (see Figure 
that appears in 
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The composition obtained for point 1 can be seen in Table 20. From it, it can be noted that 
it is a typical composition of the Ti-6Al-4V alloy, similar to the stoichiometric which is 90 wt.% 
Ti, 6 wt.% Al and 4 wt.% V, which in terms of atomic  percent would be around 86.65 at.% Ti, 
10.27 at.% Al and 3.08 at.%. 
 
COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location 
O Al Ti V C 
1 - 11.28 85.67 3.05 - 30 µm from the surface 
 
Table 20 EDS analysis of the Ti-6Al-4V uncoated sample before oxidation in air at 600℃ for 300 hours 
 
Regarding the phases present in the Ti-6Al-4V uncoated substrate before oxidation,  from 
the diffraction pattern obtained what can be made out is that the composition of the substrate 
contains, just as expected, a higher amount of titanium  phase than  one (Figure 52a).  
 
Figure 52 Diffraction patterns of the uncoated Ti-6Al-4V samples (a) before and (b) after oxidation in air at 600℃ 
for 300 hours 
 
 
 
 
OXIDIZED SAMPLE 
The cross-section of sample was visualized by the SEM 
the following results for the Ti
(Figure 51b). From the image we can detect different regions, more precisely two different 
regions. The first region (marked with a 1) is the oxide that has formed, whereas the seco
region (2) is the substrate. 
 
The characteristics that are easily noticed from the oxide layer 
substrate are: 
1) Discontinuous: It easily detaches from the surface of the substrate (
However, in those regions where it remains its thicknes
2) Porous:  The oxide is porous; p
3) The thickness of the interface between the oxide and the substrate changes over the 
sample surface. 
 
In Figure 53 it is made clear how discontinuous the oxide layer formed is, in 
picture shown the oxide is shown intact and even some copper from the protective coating 
applied can be seen (white layer on top of the oxide). In 
the rightmost side of the sample, but besides that there’s no oxide left. 
region with no oxide at all. 
 
 
Figure 53 Backscattered Electron images showing the d
 
Analysis of the composition of the transversal cross
EDS (Energy Dispersive X-Ray Spectroscopy)
substrate in the different regions
Table 21. From the analysis it can be noticed that the highest amount of aluminum is found on 
the upmost part of the oxide. 
The composition shows the presence of oxygen, 
(although in a much lower proportion)
scale formed will probably have several types of oxides, titanium oxide preferentially, but also 
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backscattered electrons
-6Al-4V uncoated sample oxidized for 300 hours 
when scanning the whole 
s is about 12 µm. 
ores can be seen all over.  
the Figure 53b) some oxide is f
Figure 53
 
ifferent oxide regions in the uncoated 
oxidized in air for 300 hours at 600℃ 
-section of the sample was done using 
, obtaining the composition of the ox
 marked in Figure 51b. The results obtained are displayed in 
 
titanium, aluminum and vanadium
 in the oxide, this leads to concluding that the oxide 
97 
 (BSE) obtaining 
in air at 600℃ 
nd 
see Figure 53). 
 
Figure 53a) 
ound in 
c) shows a 
 
Ti-6Al-4V sample 
ide and 
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aluminum oxide. The large carbon content found at the surface of the oxide is probably from 
the resin used to mount the samples. 
 
COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V C 
1a. 48.49 12.01 15.86 - 23.64 
Surface of the oxide layer, 
Al2O3 and TiO2. 
1b. 57.90 1.88 39.13 1.09 - 
Middle of the oxide layer, 
TiO2. 
1c. 59.12 0.59 39.60 0.69 - 
Almost at the interface of the 
oxide layer, TiO2. 
2a. - 12.32 84.83 2.85 - 
Surface of the substrate: 
point where Al content is the 
highest. 
2b. - 11.84 85.37 2.79 - 
30 µm from the surface of 
the substrate. Typical Ti-6Al-
4V composition. 
2c. - 11.04 85.98 2.98 - 
60 µm from the surface of 
the substrate. Typical Ti-6Al-
4V composition. 
 
Table 21 EDS analysis of the Ti-6Al-4V uncoated sample after oxidation in air for 300 hours at 600℃ 
 
Going back to the XRD results obtained for the uncoated Ti-6Al-4V sample oxidized for 300 
hours at 600℃  (Figure 52b) it can be seen that the phases present in the sample are  TiO2 and 
Al2O3. Comparing the intensity of the TiO2 phases with that of the Al2O3 it is clearly noticed how 
the intensity of the peaks of the former phase is much lower than the intensity for those peaks 
corresponding to TiO2. This indicates that TiO2 is probably the major species. 
 
6.3.2. Characterization of the 211 Slurry Coating 
 
I. 211 Slurry Coating Diffused at 1100 ℃ 
 
NON OXIDIZED SAMPLE 
When looking at the cross-section of the samples coated with 211 slurry the first thing that is 
noticed is the extended porosity that there is in the interface of the coating and the substrate. 
Looking carefully, the lighter phase noticed in the substrate in Figure 54a is the  phase rich in 
vanadium from the substrate (α+β phase). Three different layers can be pointed out (see 
Figure 54a). The first layer is the copper coating (1), the second one with a slightly different 
grey shade (2), is the 211 slurry coating, and below this one the substrate (3).  
 
 
Figure 54 Backscattered Electron Image of 
(a) before and (b) after 
 
Despite the uniform appearance 
the coating has completely disappeared from the surface of the substrate. Additionally in the 
regions where there is coating its thickness does not exceed 5 µm. 
Regarding the substrate microstructure, the diffusion treatment se
change in the microstructure of the Ti
6Al-4V samples before oxidation was fine equiaxed, whereas the micr
Figure 54a resembles more a fine lamellar one.
 
The study of the composition for
 
Point 
O Al 
2a. - 20.66
2b. - 22.52
3a. - 12.96
3b. - 14.77
3c. - 10.54
 
Table 22 EDS analysis of the Ti-6Al
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the Ti-6Al-4V sample coated with the 211 slurry and 
oxidation 300 hours oxidation in air at 600 ℃ 
the sample has in Figure 54a there are many areas where 
 
ems to have caused a 
-6Al-4V substrate. The microstructure of the uncoated Ti
ostructure observed in 
 
 this coating analyzed using the EDS is seen in 
COMPOSITION ANALYSIS 
Elements (at.%) 
Location & 
Ti V C 
 60.56 0.07 18.70 
Surface of the 
Probably Ti
 67.12 0.03 10.32 
Middle of the coating
Probably Ti
 71.80 2.94 12.30 
30 µm from the surface of the 
substrate. Considerable C and 
Al has diffused into the 
substrate.
 81.96 3.27 - 
60 µm from the surface of
substrate. Al diffusion into the 
substrate.
 86.32 3.14 - 
Middle of the substrate
Typical Ti-6Al
-4V sample with 211 slurry coating and diffusion at 1100
99 
 
diffused at 1100℃ 
-
Table 22. 
Observations 
coating. 
2AlC or Ti3AlC. 
. 
2AlC or Ti3AlC. 
 
 the 
 
. 
-4V composition. 
℃ before oxidation 
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From the previous results it is observed that the coating is composed of, as expected, Ti, Al 
and C. Another fact that can be noted is that C has diffused about 30 µm into the substrate by 
the diffusion treatment., whereas Al has diffused even further, finding it in a considerable 
amount even at the middle of the substrate. 
Examining the phases present in the sample coated with the 211 slurry and diffusion at 
1100℃  before oxidation (Figure 55a) the first thing that is noticed is that the 211 phase is not 
as dominant as might have been expected. It is made clear that the original MAX phase 
decomposed during the diffusion treatment into several phases of similar nature.  The phases 
found are: TiC, Ti3AlC2, Ti2AlC and Ti3AlC. All of them include carbon, being this a possible 
explanation for the high carbon content encountered in the coating and even in the substrate 
when carrying out the EDS analysis. 
 
Figure 55 Diffraction patterns of the Ti-6Al-4V samples with 211 slurry coating and diffusion at 1100 ℃ (a) 
before and (b) after oxidation in air at 600℃ for 300 hours 
 
OXIDIZED SAMPLE 
The look of the cross-section of the oxidized samples after 300 hours oxidation in air at 600℃ 
can be seen in Figure 54b. In it four different regions can be pointed out. As already noted in 
other samples the first one is the copper coating (1), the second one is the layer of oxide 
formed (2), underneath this one lies the third layer (3), which is slightly darker than the 
substrate and finally the substrate with its different phases (4). The coating seems to have 
completely oxidized. 
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It is of interest to determine the composition of the oxide along with the one of the darker 
region in the substrate (represented by points 2 and 3a and 3b in the composition analysis). In 
Table 23 the results from the composition analysis at the different points indicated in Figure 
54b are displayed. 
 
COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V C 
2 55.04 1.14 43.82 - - Oxide. TiO2.  
3a. - 24.48 75.45 0.07 - 
Region 3 (I). Titanium rich 
aluminide. 
3b. - 23.22 75.68 1.10 - 
Region 3 (II). Titanium rich 
aluminide. 
4a. - 15.84 81.28 2.88 - 
30 µm from the surface of 
the substrate. Al has diffused 
into the substrate. 
4b. - 14.00 81.58 4.43 - 
60 µm from the surface of 
the substrate. Al has diffused 
into the substrate. 
 
Table 23 EDS analysis of the Ti-6Al-4V sample with 211 slurry coating and diffusion at 1100℃ after 300 hours 
oxidation in air at 600℃ 
 
From Point 2 we can conclude that the composition of the oxide is probably mainly titanium 
oxide given the large amount of oxygen and titanium. Additionally, there’s a small amount of 
aluminum, although not much, so a small amount of aluminum oxide will most certainly have 
also formed. This is also confirmed by XRD diffraction (Figure 55b) where TiO2 and Al2O3 both 
appear present.  If other regions of the oxide were analyzed we might find areas with a higher 
amount of aluminum. 
The first thing that can be noticed when looking at the results is that the carbon from the 
coating seems to have disappeared, there’s no C content in neither of the points. Regarding 
the third region (characterized by points 3a. and 3b. in Figure 54b) the change in color is 
justified by a large amount of aluminum in the sample, most probably originated from the 
slurry coating.  In this region the aluminum content was found to be 24.48%.at, which is more 
than that found in the substrate; it is possible that this corresponds to a titanium rich 
aluminide (Ti3Al). 
Examining the results obtained from the diffraction pattern of the Ti-6Al-4V sample coated 
with the 211 slurry and oxidized for 300 hours at 600℃ (Figure 55b) it is seen that three oxides 
are found: aluminum oxide (Al2O3), rutile (TiO2) and a mixed oxide (Al2TiO5). Out of the three 
the one that represents the highest number of peaks and the ones with the highest intensity is 
rutile. The fact that no phase with carbon is present corroborates the results obtained from 
EDS in which no carbon was detected. 
 
II. 211 Slurry Coating
 
NON-OXIDIZED SAMPLE 
A characteristic region of the sample’s lateral cross section can be seen in 
coating seems to have disappeared 
when the samples where brought out of the vacuum furnace they seemed to have lost part of 
the coating. Just as for all the samples in which the coating diffused
is observed in the substrate; it can
samples treated at 1100 ℃ diffusion temperature. 
 
Figure 56 Backscattered Electron image of the cross
and diffusion at 1200
 
From the previous picture it can be seen that unlike in the other samples slurry
the 211 MAX phase that diffused at 1100
composition analysis carried out 
Looking at the composition 
phase MAX composition. The aluminum from the MAX phase is gone and part of it has 
probably diffused into de substrate causing only C and Ti to remain, forming what will most 
probably be TiC. 
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 Diffused at 1200 ℃ 
leaving a porous layer behind. This would make sense as 
, a large amount of porosity 
 even be noted that it seems to be greater than for the
 
 
 
-section of the Ti-6Al-4V sample coated with the 211 slurry 
℃ (a) before and (b) after oxidation in air for 300 hours at 600
℃ no clear distinction of regions can be made. 
the points indicated in Figure 56a can be seen in 
obtained in the coating there seems to have been a change in 
102 
Figure 56a. The 
 211 
 
℃ 
 coated with 
The 
Table 24. 
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COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V C 
1 - - 75.51 - 24.49 
Upmost part of the sample. 
TiC. 
2 - - 58.52 - 41.48 Coating-Interface. TiC. 
3 - 15.80 83.18 1.02 - 
Upper part of the substrate. 
Al has diffused into the 
substrate. 
4 - 14.98 82.61 2.41 - 
60 µm in the substrate. Al has 
diffused into the substrate. 
5 - 11.94 85.48 2.57 - 
Centre of the substrate. 
Typical substrate 
composition. 
 
Table 24 EDS analysis of the Ti-6Al-4V sample with 211 slurry coating and diffusion at 1200℃ before oxidation 
 
Looking at the diffraction pattern for the Ti-6Al-4V sample coated with the 211 slurry and 
diffused at 1200℃ before oxidation (Figure 57a) it can be seen how the phases present are the 
same as for the 211 slurry coated sample treated at 1100℃, indicating that at this temperature 
decomposition of the 211 slurry also took place. It is noticed though, that the intensity of the 
Ti2AlC peaks is much lower than for the previous case, gaining a higher importance the TiC 
phase. From these results it is noticed that although no aluminum seems to appear in the EDS 
results the phases which contain aluminum still appear in the diffraction pattern. 
 
 
Figure 57 Diffraction patterns of the Ti-6Al-4V samples with 211 slurry coating and diffusion at 1200 ℃ (a) before 
and (b) after oxidation in air at 600℃ for 300 hours 
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OXIDIZED SAMPLE 
 
The cross-section of the oxidized sample shows that the previously porous sample surface has 
been covered by a uniform film of oxide which in some regions has a certain porosity as well. 
Among the observations made, it has been noticed that cracks have developed between the 
coating and the substrate (see Figure 56b). The cracks do not seem to be related with the 
pores, what seems to have cracked is the oxide.  
There are two regions, the oxide and the substrate. In the oxide two different shades can 
be observed, this will probably mean that the oxide formed has more than one composition.  
The cracks developed have caused the oxide layer to fall off in some areas of the substrate. 
The EDS analysis was carried out for the series of points indicated in Figure 56b (point 2c is 
out of the range of the image of the cross section); the results obtained are indicated below: 
 
COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V C 
1a. 52.62 0.73 46.65 - - 
Upper region of the oxide. 
TiO2. 
1b. 54.84 1.21 43.94 - - Centre part of the oxide.TiO2. 
1c. 56.77 0.53 42.70 - - 
Oxide region closest to the 
substrate. TiO2. 
1d. 52.89 12.50 34.61 - - 
Dark region in the oxide. Al-
rich oxide. 
2a. - 15.43 81.95 2.61 - 
Upper region in the 
substrate. Al diffusion into 
the substrate. 
2b. - 15.85 81.69 2.46 - 
30 µm in the substrate. Al 
diffusion into the substrate. 
2c. - 15.87 81.90 2.24 - 
60 µm in the substrate. Al 
diffusion into the substrate. 
 
Table 25 EDS analysis of the Ti-6Al-4V sample with 211 slurry coating and diffusion at 1200℃ after oxidation in 
air for 300 hours at 600℃ 
 
The oxide is characterized by being formed by different concentrations of Ti and Al. The 
lighter regions have almost no Al and the darker ones are the ones in which all the aluminum 
content is higher. 
Comparing the results obtained from the EDS analysis with the species found present in the 
diffraction pattern of this sample (Figure 57b) the presence of the three elements found in the 
oxide (Al, Ti and O) is corroborated by the phases identified: TiO2, Al2O3  and Al2TiO5. The peaks 
with the highest intensity correspond to TiO2 meaning that this phase is probably the most 
abundant. 
 
6.3.3. Characterization of the 312 Slurry Coating
 
I. 312 Slurry Coating
 
NON-OXIDIZED SAMPLE 
Analysis of the cross-section 
similar to the one of the 211
312 coating is continuous, porous
substrate and the coating (see 
than the one for the 211 coating, for the 312 case it is around 10 µm.
Three different regions are noticed. The first 
the 312 coating and last of all the substrate (3).
 
 
Figure 58 Backscattered Electron image of the cross
and diffusion at 1100
 
The substrate just as in the 211 slurry coated samples for both before and after oxidation 
for 300 hours treated at either temperature shows a different microstructure (lamellar) than 
the uncoated Ti-6Al-4V substrate (equiaxed).
The analysis of the composition for the
which is out if the range of the cross section image shown,
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 Diffused at 1100 ℃ 
of the 312 slurry coating diffused at 1100℃ before 
 slurry coating that had diffused at the same temperature.  The 
 and homogenous all over. There is porosity between the 
Figure 58a). The thickness of the coating seems to be greater
 
one (1) is the copper coating, the second (2) 
 
 
-section of the Ti-6Al-4V sample coated with the 312 slurry 
℃ (a) before and (b) after oxidation in air for 300 hours at 600
 
 different points indicated in Figure 58
 is seen in Table 26
105 
oxidation was 
 
 
℃ 
a and point 3c, 
. 
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COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V Si C 
2a. - - 56.82 - 17.79 25.39 
Upmost part of the coating: 
Homogenous porous coating 
2b. - - 63.12 - 10.74 26.15 
Middle of the coating: High 
carbon content. 
2c. - - 68.99 - 16.05 14.97 Coating point III. 
3a. - 2.20 57.87 0.64 34.10 5.19 
Interface coating-substrate. Si 
diffusion into the substrate. 
3b. - 8.97 83.98 4.58 2.47 - 
30 µm from the surface of the 
substrate. Si diffusion into the 
substrate. 
3c. - 10.23 84.12 4.02 1.63 - 
60 µm from the surface of the 
substrate. Si diffusion into the 
substrate. 
 
Table 26 EDS analysis of the Ti-6Al-4V sample coated with the 312 slurry and diffusion at 1100℃ before oxidation 
 
From the composition analysis we can point out the large Si content found in the coating 
and the interface. As expected the main elements found in the coating are Si, Ti and C. 
However, Si has diffused into de substrate, reaching its maximum value at the interface. 
Carbon from the coating does not diffuse into the substrate as silicon, already when at 30 µm 
from the surface of the substrate no carbon is found. 
Regarding the phases found present in the diffraction pattern of the 312 slurry coating 
diffused at 1100℃ before oxidation (Figure 59a) it can be seen that just as the 211 slurry 
coating treated at the same temperature before oxidation the peaks corresponding to the 
MAX phase are few, indicating that this slurry has also decomposed. The decomposition of the 
312 MAX phase slurry is also corroborated by the other species found present, Ti8C5 and Ti5Si3.  
The fact that no other species besides Ti3SiC2 that combines C and Si leads to believing that 
the decomposition has caused Si and C to react independently with titanium, giving way to two 
different individual compounds. 
The phase which corresponds to the peaks with the highest intensity is the Ti8C5, meaning 
that this is probably the phase found in the highest concentration corroborating the high 
carbon content encountered in the coating by the EDS analysis. 
 It is also of interest to mention that the carbide that has formed from decomposition of the 
312 MAX phase, Ti8C5, is not the same as the one formed for the 211 coating, TiC. 
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Figure 59 Diffraction patterns of the Ti-6Al-4V samples with 312 slurry coating and diffusion at 1100 ℃ (a) before 
and (b) after oxidation in air at 600℃ for 300 hours 
 
 
OXIDIZED SAMPLE 
The cross-section of the 312 slurry coated sample diffused at 1100℃ after oxidation in air for 
300 hours at 600℃  is similar to that of the same sample before oxidation. The oxide formed 
has two different colors, indicating different composition. Just as the sample before oxidation, 
pores can be found.  The four regions clearly differentiated are (see Figure 58b): the copper 
coating (1), a lighter region also in the oxide layer (2b) a darker region in the oxide layer (2c), 
and finally the substrate (3a). 
The composition analysis done for the points indicated in Figure 58b and two more which 
are out of the range of the image shown can be seen in Table 27. 
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COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V Si C 
2a. 57.53 - 30.88 - 11.59 - 
Surface of the oxide. Si-rich 
oxide. 
2b. 60.02 - 39.28 - 0.69 - Light region in the oxide. TiO2. 
2c. 58.35 1.48 25.53 - 14.64 - 
Dark region in the oxide. Si-
rich region. 
3a. - 12.49 83.90 1.35 2.26 - Surface of the substrate. 
3b. - 11.03 83.13 3.52 2.31 - 
30 µm from the surface of the 
substrate. Si diffusion into the 
substrate. 
3c. - 10.94 83.84 3.47 1.75 - 60 µm from the surface. 
 
Table 27 EDS analysis of the Ti-6Al-4V sample with the 312 slurry coating and diffusion at 1100℃ after 300 hours 
oxidation at 600℃ 
 
From the analysis of the composition it can be easily noticed that the oxide composition is 
not uniform in the sense that three different regions can be identified inside it. The first point 
we analyzed in the uppermost part of the substrate has a high Si content which is beneficial 
given the good protective properties of silicon. The second one which was located in the light 
region of the coating proved on the other hand to have a very low Si content, therefore being 
mostly titanium oxide. Lastly, the third point on the dark region of the oxide has a high Si 
content, even higher than the one quantified on the surface of the substrate.  Traces of silicon 
can be found even at 60 µm indicating the extent of the diffusion treatment. 
Looking at the diffraction pattern of this sample (Figure 59b) the oxides formed are TiO2 
(rutile) and SiO2 (silicon oxide). The oxide that has the highest intensity peaks is TiO2. Apart 
from the formation of the oxides two other species are found present, titanium and Ti5Si3. The 
appearance of other species beside oxides is something did not happen in the oxidized 211 
slurry coated samples, all the species found contained oxygen.  
Regarding the presence of titanium in the oxidized 312 slurry coated sample diffused at 
1100℃, it can be said that it is probably from the substrate. This finding corroborates what 
was indicated during the SEM observations in which regions where the oxide had fallen off 
were found. 
Overall, the EDS results corroborate the presence of the species found in the XRD analysis, 
being the elements found the same that compose the species identified. 
 
 
 
 
 
 
II. 312 Slurry Coating Diffused at 12
 
NON-OXIDIZED SAMPLE 
The transversal cross-section of the sample can be seen 
diffusion temperature for the same coating it can be seen that it is very porous, although 
homogeneous all over the sample.
The coating (1) and the substrate (2) can be differentiated by the different colours which 
indicate different composition. 
 
 
Figure 60 Backscattered Electron image of the cross
and diffusion at 1200
 
In Table 28 the results of the 
several more out of the range of the image 
 
Point 
O Al 
1a. - - 
1b. - 11.31 
2a. - 11.10 
2b. - 11.77 
2c. - 11.55 
2d. - 10.77 
 
Table 28 EDS analysis of the Ti-6Al-
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00 ℃ 
in Figure 60a. Just as 
 
 
 
-section of the Ti-6Al-4V sample coated with the 312 slurry 
℃ (a) before and (b) after oxidation in air at 600℃ for 300 hours
analysis of the composition for the points indicated and 
was done: 
COMPOSITION ANALYSIS 
Elements (at.%) 
Location & Observations
Ti V Si C 
64.37 - 9.97 25.66 
Upmost part of the coating.
Ti
85.99 - 2.71 - 
Coating-Inter
into the substrate.
84.08 2.17 2.65 - 
Substrate
diffusion into the substrate.
83.89 1.95 2.39 - 
60 µm in the substrate.
diffusion into the substrate.
84.15 2.14 2.17 - 
140 µm in the substrate.
diffusion into the substrate.
85.88 3.35 - - Centre of the substrate.
4V sample coated with the 312 slurry and diffusion at 1200
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From the analysis it can be noted how the composition of the coating is the expected one, 
Si, C and Ti. Additionally, it is worth pointing that out the diffusion of Si into the substrate has 
been very effective, finding Si up to 140 μm from the surface of the substrate. 
 
Figure 61 Diffraction patterns of the Ti-6Al-4V samples with 312 slurry coating and diffusion at 1200 ℃ (a) before 
and (b) after oxidation in air at 600℃ for 300 hours 
 
The information obtained for the diffraction pattern of the 312 slurry coated sample 
diffused at 1200℃ before oxidation (Figure 61a) indicates that the species present are Ti8C5 
and Ti5Si3, there is no Ti3SiC2 phase; indicating that complete decomposition of the Ti3SiC2 has 
taken place during the diffusion treatment at this temperature. The phases identified contain 
the same elements that have been found in the EDS analysis for this sample. 
 
OXIDIZED SAMPLE 
The cross section of the 312 slurry coated oxidized sample diffused at 1200℃ resembles a 
great deal the one of the non-oxidized one with the only difference that the coating has 
oxidized and the existing pores have been covered by oxide (Figure 60b). The main regions are 
the oxide (1), the interdiffusion region (2) and last of all the substrate (3).  
Each of the regions mentioned above can be subdivided at the same time because when 
looking in detail areas of different composition (different colour) can be noticed. This will be 
seen more clearly when studying the composition. The composition results obtained for the 
points indicated in Figure 60b and an additional one located 60μm from the surface of the 
substrate can be seen in Table 29. 
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COMPOSITION ANALYSIS 
Point 
Elements (at.%) 
Location & Observations 
O Al Ti V Si C 
1a. 55.76 - 43.91 - 0.33 - Oxide region I: Top part. TiO2. 
1b. 53.32 - 36.37 - 10.31 - 
Oxide region I: In the center 
of the oxide (dark region). Si-
rich oxide. 
1c. 57.94 - 41.09 - 0.97 - 
Oxide region III: Inside a 
pore. TiO2. 
2a. 6.85 - 83.04 - 10.12 - 
Interdiffusion region: clear 
zone. Si-rich oxide. 
2b. - - 92.07 - 7.93 - 
Interdiffusion region: dark 
zone. Possibly Ti5Si3. 
3a. - 10.17 83.24 3.66 2.93 - Interface of the substrate. 
3b. - 11.49 83.72 1.88 2.90 - 
30 µm from the surface of 
the substrate. Si diffusion 
into the substrate. 
3c. - 10.89 83.03 3.29 2.79 - 
60 µm from the surface of 
the substrate. Si diffusion 
into the substrate. 
 
Table 29 EDS analysis of the Ti-6Al-4V sample coated with the 312 slurry and diffusion at 1200℃ after 300 hours 
oxidation in air at 600℃ 
 
From the analysis the main conclusion reached is that the oxide has areas of different 
composition in which the silicon and titanium content vary. The oxides found none the less, 
will probably be silicon oxide and titanium oxide, the former most surely in a higher 
concentration. Also, the interdiffusion region has different composition depending on the 
region under study. There is a region with a small amount of oxygen and another where only 
silicon and titanium remain. 
 Regarding the substrate, when looking at the composition of the points in the substrate, it 
can be seen that the silicon content seems to have a standard value when going from the 
surface of the substrate up to 30 µm. At higher distances from the substrate a decrease in 
content is noticed, the reduction is not abrupt but rather gradual, therefore diffusion was 
quite homogeneous. 
Additionally it is seen, as in all the pieces that went through the oxidation treatment that 
the carbon that was found in the coating is gone. 
Studying the species the identified species obtained in the diffraction pattern (Figure 61b) it 
can be seen how the most dominant peaks are the rutile ones. The other phases present are 
SiO2 and Ti5Si3, just like in the oxidized 312 slurry coated sample diffused at 1100℃, however, 
no  titanium phase is found in this case.   
 
 
6.3.4. Summary of Results
 
In this section a visual summary of the results
along with the layout of the key points
between the samples will be easier.
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a) Uncoated Ti-6Al-4V sample before oxidation
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1200℃ before oxidation
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 from both SEM and XRD analyses will be made, 
 observed during the observations. This way comparison 
 
AFTER
SUBSTRATE 
 
 
 
b) Uncoated Ti-6Al-4V sample after 300h 
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AFTER
312 COATING 
 
-6Al-4V diffused at 
 
 
 
 
h) 312 slurry coated Ti
1100℃ after 300h oxidation in air at 600
 
-6Al-4V diffused at 
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 Backscattered Electron images for each of the slurry coatings at the 
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RESULTS FROM DIFFRACTION PATTERNS 
Sample Species 
Reference 
 Code 
Sample Species 
Reference 
Code 
Ti-6Al-4V 
-Ti 00-044-1294 
- - - 
-Ti 01-088-231 
Oxidized Ti-
6Al-4V 
TiO2 01-083-2242 
Al2O3 01-071-1683 
211 T1 
Ti3AlC 01-089-2282 
211 T2 
Ti3AlC 01-089-2282 
TiC 00-001-1222 TiC 00-001-1222 
Ti3AlC2 00-052-0875 Ti3AlC2 00-052-0875 
Ti2AlC - Ti2AlC - 
Oxidized 
211 T1 
TiO2 
03-065-0192 
 
Oxidized 
211 T2 
 
TiO2 01-075-1757 01-088-1174 
01-076-1941 
Al2O3 00-034-0493 Al2O3 00-047-1292 
Al2TiO5 00-018-0068 Al2TiO5 01-074-1759 
312 T1 
Ti3SiC2 01-074-0310 
Oxidized 
312 T1 
Ti5Si3 01-078-1429 
Ti5Si3 01-078-1429 TiO2 01-089-4202 
Ti8C5 01-072-2496 
SiO2 01-085-0621 
-Ti 00-001-1198 
312 T2 
Ti5Si3 00-008-0041 
Oxidized 
312 T2 
Ti5Si3 01-078-1429 
Ti8C5 01-072-2496 
TiO2 01-076-0318 
SiO2 01-082-1553 
 
Table 31 Summary of the Species and Reference codes identified in the Diffraction Patterns of the samples before 
and after oxidation in air at 600℃ for 300 hours 
 
Note: T1-Diffusion at 1100℃ 
T2- Diffusion at 1200 ℃ 
 
 
The species obtained for each of the samples along with the reference code for their 
characteristic diffraction patterns are presented in Table 31. 
From the combination of both the results obtained by SEM and those obtained by XRD the 
following points can be highlighted: 
• A large amount of carbon is found in all the samples analyzed before oxidation, 
regardless of the slurry coating. This carbon content seems to be mainly concentrated 
in the TiC or Ti8C5 phases present for each of the MAX phase slurry coatings; TiC for the 
211 slurry coating and Ti8C5 for the 312 one.  This reveals that a phase transformation 
has taken place in the samples during the diffusion treatment. 
 
• The minor presence of the MAX phases in the diffused samples before oxidation 
reveals that the decomposition of the MAX phase slurry coatings during diffusion has 
taken place. 
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• In the 312 samples the diffusion region is clearly defined and has an important silicon 
content both in the samples before and after oxidation. The presence of Si in the oxide 
is noticed in the 312 slurry coated samples after oxidation slurry coated ones, although 
the titanium oxide (rutile) peaks are still present.  
 
• In the 211 samples Al diffusion into the substrate has occurred. A mixture of Al2O3 and 
TiO2 is found in the samples after oxidation.  
 
• None of the slurry coated samples, regardless of the slurry, contain any carbon 
content after 300 hours oxidation in air at 600℃. 
 
• The oxides formed on the 312 samples are of inhomogeneous composition, there’s a 
region with mixed silicon and titanium oxides (rutile), followed by a region of mainly 
titanium oxide and below that one a newly mixed layer. 
 
• At 1200℃ cracks develop causing in both the substrate and the oxide, making this last 
one break off and leave the substrate unprotected. 
 
6.4 Oxidation Curves 
 
The curves displayed in this section show the behaviour of each of the coated samples in 
comparison with the average curve exhibited by the three uncoated Ti-6Al-4V samples. The 
calculations done to obtain the resulting values that provide the graphs can be seen in Annex 
II. 
The reference oxidation curve for the uncoated Ti-6Al-4V sample can be seen in Figure 62. 
For obtaining this curve the average value of the three uncoated Ti-6Al-4V samples was used 
due to the similar behaviour of each of the samples, this is proved by looking at Figure 62 and 
seeing the small error the average curve has.  The kinetics of oxidation exhibited by the sample 
is close to parabolic during the first 12 hours, but after that it becomes almost completely 
linear.  The mass gained achieved after the 300 hours of oxidation in air is 2.215 mg/cm2. 
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Figure 62 Mass gain of the uncoated Ti-6Al-4V sample after oxidation in air for 300 hours at 600℃ 
 
6.4.1. Comparison 211 Coating at 1100℃ and 1200℃ 
 
The performance of the 211 coating is largely affected by what happened during the first 12 
hours of oxidation. In the oxidation curves (Figure 63) shown for these samples it can be 
noticed that on the contrary to the untreated Ti-6Al-4V samples that were oxidized, the 
samples with the 211 coating do not experience a noticeable mass gain. During the first 12 
hours cycle they experience a drastic weight decrease, after that they remain at a value close 
to the one obtained from that initial loss. 
It can be seen that for the 211 samples the kinetics of the oxidation process does not seem 
influenced by the diffusion temperature. Both temperatures are characterized by the abrupt 
loss in the first 12 hours followed by a more or less constant behaviour. The only difference 
that could be mentioned is that it seems that for the 1100 ℃ diffusion treatment the initial 
loss seems to be in general greater than for the 1200 ℃ samples.  
Due to the initial loss, it is difficult to ascertain whether the behaviour after the 12 hours is 
actually as the one obtained or oxide has formed and then fallen off. If the behaviour is really 
as we have obtained once the initial loss could be prevented the coating would satisfy its 
protective purpose, remaining almost constant and below the original mass gain of Ti-6Al-4V. 
The stable behaviour of the coating after the initial 12 hours is probably due to the formation 
of Al2O3 in addition to TiO2, as confirmed by microstructural and XRD analysis of the coating.  
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Figure 63 Mass gain of Ti-6Al-4V samples coated with 211 slurry coating diffused at 1100℃ (blue lines) and at 
1200℃ (red lines) after oxidation in air for 300 hours at 600℃ compared with the mass gain of the uncoated Ti-
6Al-4V sample 
 
6.4.2. Comparison 312 Coating at 1100℃ and 1200℃ 
 
Comparing the oxidation curves of the 312 coated samples and the Ti-6Al-4V uncoated 
substrate (see Figure 64) it can be seen that unlike for the 211 samples the behaviour of all the 
samples was not the same.  
The general behaviour exhibited by 312 samples were diffusion took place at 1200℃ is to 
experience a weight increase. Looking at the graph it can be seen that from the 3 samples two 
have experienced the initial mass loss during the first cycle as the 211 samples, but while one 
has continued losing mass through the cycles, the other one recovers from this initial loss and 
remains at this value for all subsequent cycles. The third sample, however, experienced an 
initial increase but had several mass losses towards the end. 
For the ones that diffused at 1100℃  something similar happens, just as for the case of 
diffusion at 1200℃, two lose weight initially, but in this case no posterior recovery takes place. 
The one that experiences an atypical behaviour with respect to the other two is the third one, 
instead of the characteristic drastic loss or moderate gain during the first 12 hours, it has a 
very large increase (much higher than the Ti-6Al-4V) and after that remains at this value. 
The lack of uniformity makes it hard to determine whether one temperature or the other 
was better as the pieces do not exhibit a uniform behaviour. It would seem that although 
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reaching lower mass gains than the uncoated substrate for the most representative samples 
the coating has not satisfied its oxidation resistant purpose. 
 
 
Figure 64 Mass gain of Ti-6Al-4V samples coated with 312 slurry coating diffused at 1100℃ (blue lines) and at 
1200℃ (red lines) after oxidation in air for 300 hours at 600℃ compared with the mass gain of the uncoated Ti-
6Al-4V sample 
 
6.5 Discussion of Results 
 
In this section we will explain anything that might have been considered of relevance during 
the development of the experiment along with a comparison of the operating conditions, 
diffusion temperature used and coating. It will be the basis of the conclusions. 
 
6.5.1 Phenomenon on 211 pieces during oxidation. What happened? 
 
It is of importance to be able to explain what happened during oxidation and why. As we 
already mentioned the 211 pieces suffered something that resembled a dust explosion, which 
led to a drastic mass loss, after some research it was concluded that what had probably 
happened was the phenomenon known as “Metal Dusting”.  
Metal Dusting is a catastrophic form of corrosion in which metals exposed to carbon-
supersaturated gas disintegrate forming metal-rich particles dispersed in a voluminous carbon 
deposit. It is common of iron, nickel, cobalt and Cr forming ferritic and austenitic alloys in 
environments with a high carbon content. (119) 
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What is known of Metal Dusting from its occurrence in iron and nickel is that for it to take 
place two requirements need to be satisfied. (120) 
• Be in a temperature range within 400-800℃. 
• Carbon activity must be greater than one (M` > 1, being in a carbon-supersaturated 
environment.  
When it takes place, dissolution of carbon (from hydrocarbons or CO) happens and is 
followed by diffusion of the same into the substrate forming carbon. Carbon is then 
transferred to the solid phase attacking the substrate material and causing decomposition of 
the same.  
The mechanism followed in a supersaturated carbon environment can be summarized in a 
series of steps (120): 
1) C from the gaseous phase in the environment transforms from gas to solid. 
2)  The metal in the substrate reacts with the solid phase C forming carbides. 
3) Graphite starts to grow on top of the carbides with an activity of 1 becoming unstable. 
4) The unstable carbon decomposes releasing metal particles that will act as catalysts for 
further the repetition of the process 
Going back to the conditions needed for Metal Dusting to take place and seeing the steps 
that would be followed we can notice that although the first of the two conditions needed for 
it to take place were indeed satisfied, the oxidation treatment temperature was 600 ℃, the 
second wasn’t. The operating environment at which oxidation took place was a carbon free 
one.  
As the requirement for Metal Dusting of being in a supersaturated carbon environment is 
needed, this condition must have somehow been achieved for it to take place. From the 
results obtained by XRD and SEM it has been made very clear that before oxidation the carbon 
content in the samples was very high due to decomposition of the original MAX phases. A 
hypothesis of what might have happened is that the carbides formed during the diffusion 
treatment reacted with the oxygen in the oxidation furnace creating the supersaturated 
carbon environment needed. 
If the case our hypothesis were satisfied the carbon activity would be greater than one and 
would follow the mechanism mentioned above starting from point 3) (the carbides are already 
present in the sample therefore that step has already been achieved during the diffusion 
treatment) and Metal Dusting would indeed occur. 
To prove our hypothesis we will assume that the reaction that took place for the 211 
samples was: 
 + 2 →  + 						 = 600℃ 
Equation 10 Reaction of TiC with O2 in the 211 slurry coated samples at 600℃ 
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And that for the 312 samples it was: 
 
cd + 13 → 8 + 5						 = 600℃ 
Equation 11 Reaction of Ti8C5 with O2 in the 312slurry coated samples at 600℃ 
 
If the reactions we have assumed are spontaneous it would prove that the reactions may 
have easily have taken place. It is worth mentioning however, that the actual reaction that 
took place will most probably be more complex than the assumed ones, but this way an idea of 
the scope of the mechanism can be attained.  
Gibbs Free energy was calculated for Equation 10 to determine whether we can assume the 
reactions are spontaneous or not. Developing the calculation (development and values used 
can be seen in Annex III), using the values of entropy and enthalpy provided in the Nist Janaf 
Thermochemical tables (121)the resulting free energies obtained for the reactions is: 
 
Reaction Free energy ∆Gº(kJ) at 600℃ 
Equation 10 at T=600℃ -1006.601 
 
Table 32 Gibbs Energy for the Reaction of TiC with O2 at 600℃ 
 
As they have proved to be negative, the reaction is therefore spontaneous. With this 
information it is reasonable to assume that Metal Dusting may have occurred.  
There are techniques which could protect the substrate material from metal dusting, some 
of the most common techniques used are: alloying, coatings (the two types of coating methods 
mentioned in Chapter 4), surface poisoning (adding elements that adsorb on the surface more 
than carbon so they are adsorbed instead), protective oxide formers, etc. (120) 
From all the methods mentioned above the one of most importance to our experiment is 
the protective oxide one because it means that if Metal Dusting took place it was because the 
oxide formed wasn’t protective. If a protective oxide scale is formed, metal dusting can be 
slowed down and even prevented, avoiding the carbon attack and preserving the surface from 
damage. Protective scales could be aluminum oxide and silicon oxide scales. 
Alumina scales are known to be protective when the aluminum content is around 4 wt%. 
Higher aluminum contents increase the brittleness of the oxide scale formed (122). Alloy 
additions can also improve the alumina scale formation; some which are known to do this are 
Cr, Nb, Ta, V and Ti at relatively high temperatures (above 650℃ ). At temperatures below the 
previous the oxide scale does not satisfy its protective function and once the scale is damaged 
the attack takes place. Silicon scales on the other hand slow down the rate of metal dusting 
even when the Si scale formed is not Si rich. (119) 
The occurrence of Metal Dusting in the 211 slurry coated samples shows that its oxide scale 
formed was not too protective. However, the aluminum present in the 211 slurry coating did 
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form aluminum oxide (Al2O3) which is more usually more protective than titanium oxide 
(rutile) and therefore the formation of this oxide is beneficial to achieve oxidation protection. 
 The fact that the 312 slurry coated samples were not characterized by the same visual 
explosion as the 211 slurry coated samples does not mean they did not suffer what has been 
considered to be Metal Dusting, as they are also characterized by the same initial weight loss 
found in the 211 slurry coated samples during the first 12 hours of oxidation. What might have 
happened is that the Si present in the 312 slurry coated sample slowed down the rate of 
decomposition and in some cases prevented the occurrence of the Metal Dusting 
phenomenon. It is for this reason that some oxidation curves of the 312 coating show a mass 
increase instead of a loss. 
 
6.5.2 Influence of the kind of coating selected 
 
From the analysis of the results from both SEM and XRD it is made clear that for the 
oxidation of the 211 samples two oxides are formed: Al2O3 (aluminum oxide) and TiO2 (rutile). 
From SEM it is clearly seen that de Al content is very low and by XRD it is clearly noticed that 
the dominant phase is TiO2. For the 312 on the other hand, regions where the silicon content 
was quite high were noticed. They were however, located points and the dominant 
composition of the overall oxide was still rutile. 
Additionally comparing visually the look the samples had it could be mentioned that out of 
the two coatings although none showed an homogeneous oxidation (look at Table 19) 
although the 312 exhibited a more homogeneous look. This is clearly seen when analyzing the 
composition of the oxide formed and seeing that analyzing different points in the oxide the 
composition changes. 
Both coatings seemed to have the ability, neglecting a first step in which they lost (in most 
cases) a large amount of mass, to keep a constant oxidation rate for most of the samples. This 
led to what seems to be a better performance than the one of bare Ti-6Al-4V. However, due to 
the common mass losses found whether this is the actual behaviour exhibited cannot be 
confirmed. 
After the 300 hours of oxidation in air at 600℃ both kind of samples exhibited an oxide 
with a large content of rutile, however additionally the MAX phase coating provided an 
additional kind of oxide according to the composition of each coating. In the Ti2AlC coated 
samples the protective coating that formed was Al2O3, whereas for the other it was SiO2.  
Al2O3 is an extremely brittle oxide which leads to cracking if the aluminum content is not 
high enough to provide a continuous scale. This is why cracks probably developed in the 211 
oxide. When this happens the protective oxide scale does not regenerate, making the 
substrate protection disappear and causing its oxidation. (74), (120) 
The presence of silicon in the 312 coating is supposed to reduce the oxidation rate of 
titanium by creating a protective scale which reduces the diffusion rate of atoms through the 
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scales (2). Its effect regarding oxidation has not been noticed, however, it is true that Si is what 
has protected the 312 samples from Metal Dusting. 
As none of the protective oxides were neither present in a high concentration nor formed 
an homogeneous stable scale, as we have seen in the XRD and SEM results, oxidation was not 
slowed down as a whole in the coated samples. 
 
6.5.3 Influence of the diffusion temperature 
 
The influence of the temperature at which diffusion takes place in MAX phases is a topic which 
is rarely discussed in the available literature. In this project it is one of the parameters which is 
studied, for this reason pointing out the relevance and the differences between using one 
temperature and the other is of importance.  
Regarding the diffusion temperature it can be said that it has largely influenced the whole 
experiment. The temperatures selected for the diffusion treatment (1100 and 1200℃) caused 
the decomposition of the MAX phase slurry coatings leading to the creation of new phases. For 
the 1100℃ small concentration of the MAX phase could still be found, but at 1200℃ almost 
complete decomposition of the MAX phase took place, especially for the 312 case. Carrying 
out a comparison of the original MAX phase powders with the diffraction pattern obtained in 
this experiment after diffusion, the complete decomposition of the 312 MAX phase is made 
clear as no peaks from the original pattern match the new ones (see Figure 65).  
 
Figure 65 Comparison of the Ti3SiC2 MAX phase Powder with Ti3SiC2 slurry coating after diffusion at 1200℃ 
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The fact that Ti3SiC2 decomposed at this temperature is not strange, there is information 
indicating that films of this MAX phase when heated in vacuum at temperatures of 1000-
1200℃ decompose. Additionally, it is mentioned that the higher the amount of impurities the 
lower the decomposition temperature. (70) 
In order to determine how the diffusion temperature really affected the slurry coating 
applied on the substrate, an analysis of the phases present under the two different 
temperatures will be made. 
As it can be seen from the XRD results (Figures 55a and 57a for the 211 slurry coating and 
Figures 59a and 61a for the 312 one) the 211 slurry coating decomposed into the following 
phases: TiC (titanium carbide), Ti3AlC and Ti3AlC2. In the 312 coating on the other hand, the 
decomposition led to the formation of two different phases in which C and Si reacted 
independently with Ti. It decomposed into: Ti5Si3 and Ti8C5.  
Research done on Ti8C5 showed that this phase is found when sintering Ti3SiC2 at high 
temperatures (123). Additionally it has also been reported that as temperature increases Ti8C5 
is believed to convert to TiC (124). The other phase in which it decomposed, Ti5Si3, is found 
quite often in oxidized Ti3SiC2 and also in bulk Ti3SiC2, being in this last case considered an 
impurity.  
Comparing the phases present for the same slurry coating and different diffusion 
temperatures it is made clear that at 1200℃ the original MAX phase coating decomposes even 
further into a higher amount of TiC given the fact that the peaks for the MAX phase slurry 
coatings are found in a lower amount and also have a higher intensity than the ones for 
diffusion at 1100℃	 so the TiC content is probably higher.  
In general, the comparison of the diffraction patterns at both temperatures for both the 
oxidized and non-oxidized 211 slurry coated samples show that they do not present a high 
resemblance (Figures 55a vs. 57a and Figures 55b vs. 57b). However, when comparing the 312 
slurry coated samples (Figures 59a vs. 61a and Figures 59b vs. 61b) carefully it can be noticed 
how they exhibit similar diffraction patterns and the same phases are present.  
From the diffraction patterns of the 312 samples before oxidation (Figures 59a and 61a) it 
can easily be made out how the temperature has affected the samples. In the case of the 312 
slurry coating diffused at 1100℃ (Figure 59a) the MAX phase decomposed mostly into 
titanium carbide and titanium silicon; however despite the decomposition traces of Ti3SiC2 still 
remain. However, for the 1200℃ diffusion temperature (Figure 61a) Ti3SiC2 has been found to 
have completely decomposed. The additional peaks found in the plot (Figure 59a) for the 312 
slurry coated sample diffused at 1100℃ before oxidation correspond to the remaining 312 
MAX phase slurry. This indicates clearly that a higher decomposition has taken place for the 
1200℃ diffusion temperature.   
As already mentioned in Chapter 3, TiC is not resistant to oxidation, therefore it makes 
sense that the samples were affected by TiC obtaining a worse performance. TiC presence in 
the coating also has additional effects; it has the ability of producing CO and CO2 which may 
result in pores during oxidation and it increases the oxidation rate (78). For our experiment 
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what must have happened in that when exposed to the oxidizing environment TiC reacted with 
oxygen producing CO and CO2, providing the carbon-supersaturated environment. If this is 
what has happened, the combustion experienced by C would probably explain the lack of C in 
the substrate after the oxidation treatment. 
Barsoum (28) mentioned back in 2000 that the presence of TiC in Ti3SiC2 had a detrimental 
effect on oxidation kinetics; he also pointed out how it was not considered as important as it 
should. 
Apart from the decomposition noticed, from the results obtained from the composition 
when characterizing by SEM it can be easily noticed how the higher the diffusion temperature 
the further the diffused species travel in the substrate. Also, it can be seen that the diffusion 
treatment is the cause of the formation of pores in the substrate, as for the case of the 
untreated sample almost no pores were present. 
 
6.5.4 Influence of the oxidation temperature 
 
Information on the oxidation behavior of these two MAX phases at 600 ℃  is rarely reported as 
the purpose these studies generally have is to be able to implement these materials for high 
temperature operations, therefore the typical range of values for which results are generally 
found is 900-1400℃.   
Studies carried out on Ti2AlC and Ti3SiC2 have proved they have excellent oxidation 
resistance at temperatures above 900℃. However when carried out under lower temperatures 
in the 500-900℃ range anomalous behaviors have been detected. This corroborates our 
results as the usual oxidation behavior of 211 is to follow parabolic or cubic oxidation kinetics 
and in our case this does not happen. (125) 
Barsoum (28) mentioned in his study on Ti3SiC2 that binary carbides and nitrides are not 
very resistant in air above 500 to 800℃ proving a confirmation of what has been noticed in 
this study.  
The oxidation resistance of Ti2AlC is based on the formation of the protective -Al2O3 scale. 
It is known that when oxidation takes place at temperatures in the 500-600℃ range the 
anatase-rutile transformation that takes place causes the development of induced cracks 
which affect the protective characteristics of the scale, preventing the fulfillment of its 
purpose. This fact could explain the formation of the cracks found during the SEM observation 
for the samples where diffusion took place at 1200℃.  It has also been reported that the 
minimum temperature needed for the formation of a continuous -Al2O3 layer on Ti2AlC is 
700℃. (126) 
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Figure 66 Carbon activity as a function of temperature for a typical carburizing environment. (127) 
 
Temperature in Metal Dusting is also known to play an important role. Increases in 
temperature lead to a decrease in the dusting rates. As it can be seen in Figure 66 the reaction 
of carbon has a very high activity at 600℃, at temperatures above this value the metal 
consumption by carbon decreases; for this reason our selected oxidation temperature is not 
probably the best.   
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CHAPTER 7: 
CONCLUSIONS 
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7.1. Conclusions 
 
The main conclusion reached is the fact that the deposition of a MAX phase slurry coating on a 
Ti-6Al-4V substrate has been successfully achieved, starting with this project the development 
of the use of MAX phases in the slurry coating method. 
The outstanding discovery of this project is the decomposition of the original MAX that has 
taken place during the diffusion treatment. The diffusion temperature chosen is what has 
determined the extent of decomposition. In the 312 samples it was complete when carried out 
at 1200℃. This decomposition has given way to the formation of carbides that along with the 
oxidizing environment could have possibly created a supersaturated carbon environment, and 
led probably to the phenomenon known as Metal Dusting. The possible occurrence of Metal 
Dusting has conditioned the whole experiment leading to considerable losses in weight of the 
samples. Additionally these losses can also be used as evidence to demonstrate that the oxide 
formed is not adherent enough to the substrate.  
Regarding the morphology and composition of the coatings after the diffusion treatment it 
can be said that they are characterized by being homogenous porous films, which after the 
oxidation cause the formation of an oxide with similar characteristics. Additionally, the 
diffusion treatment has caused the formation of pores in the substrate which during oxidation 
are also filled up with oxide. 
By the Metal Dusting reaction the carbon reacted with the substrate and coating, 
disintegrating them. For this reason regions where no oxide was found and a clear fractures 
and cracks appeared were so common in all oxidized samples, except for the uncoated Ti-6Al-
4V substrate.  
The behaviour in the 211 samples led to a small amount of aluminum to remain there and 
create the oxide, reason why the oxide formed contains a mixture of Al3O2 and TiO2 oxides; the 
aluminum content found in the sample is greater than the one exhibited by the uncoated 
samples. The oxide formed is uniform and porous, but inhomogeneous in composition. 
Although the 312 samples were also affected by an initial loss in weight (as the oxidation 
curves have shown) probably also due to the possible Metal Dusting phenomena, the silicon 
present in the Ti5Si3 formed during diffusion protected the samples to an important extent. 
This made it possible to obtain several samples which resisted Metal Dusting in which a clear 
mass gain was noticed. However, they did not exhibit a good oxidation performance either. 
As silicon protected the 312 samples a larger silicon content was found in the oxide. 
Although the characteristics of the oxide formed are the same as for the 211 samples, being 
uniform and porous in those regions where it still remained, if the silicon content in the 
coating had been higher it might have been able to create a more protective oxide. The oxide 
formed for the 312 coating seemed to be made up of several regions: 
• The first region would be the top layer composed mainly of rutile, but with a 
significant amount of silicon oxide. 
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• The second region is the intermediate layer beneath the latter where a discontinuous 
oxide is created. Here there are differentiated lighter regions can be noticed in which 
the oxide is almost exclusively titanium oxide (rutile). 
 
• A third region, almost unnoticeable, which is made up of located points with a darker 
visualization where the silicon composition is even greater than for the first region. 
 
Regarding the oxidation protection of these slurry coatings on Ti-6Al-4V, the results we 
have obtained have not been as we would have liked. The MAX phase slurry coatings have 
indeed, contributed to the composition of the resulting oxide scale but the protective effect it 
has had in improving the oxidation resistance is slight due to the probable occurrence of Metal 
Dusting. 
Overall, the experiment has shown a different environment in which if Metal Dusting has 
taken place it could occur. So far, Metal Dusting has been defined for environments with a 
supersaturated carbon content which lead to the formation of carbides that when become 
unstable react with the substrate disintegrating it. In our case the environment was carbon 
free; instead the carbides had already formed due to the diffusion treatment, and upon 
exposure to oxygen possibly reacted following the Metal Dusting mechanism. If the 
assumption that Metal Dusting occurred were correct it would indicate that a new mechanism 
that has not been reported for Metal Dusting exists. Additionally, Metal Dusting is not 
considered a characteristic phenomenon of MAX phases, meaning that if it were the case this 
could be one of the first times where is has happened. 
 
7.2. Future Studies 
 
This work has shown that there are several subjects that could be considered of interest in the 
future and which might help determine with greater accuracy what happened in this study. 
Very few studies on oxidation of MAX phases have been carried out in the temperature range 
of 500-900℃ because anomalous behaviours were detected. In studies made on 211 the 
behaviour has been suggested to be related with the anatase-rutile transformation that takes 
place in the TiO2 layer, it has also been considered the source of cracks (125).  It would be of 
interest to see if the high oxidation kinetics encountered at this temperature might also be 
related with the high activity of carbon encountered at this temperature. 
Another interesting thing to study is the behaviour that the 211 and 312 MAX phases have 
in bulk form under the same oxidation conditions to see how subjecting them to a previous 
diffusion treatment  really affects them. Additionally a study of the temperature at which the 
MAX phases start to decompose could also be made, as this has been determinant in this 
study. 
From the results of the composition of the oxides formed it was clearly seen how there 
was a lack of homogeneity in the composition. Research on how to control the uniformity in 
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the composition could be helpful in order to achieve a uniform stable scale that is capable of 
fulfilling the oxidation protection purpose. 
Just as we have seen during the SEM observations, both the coating and oxide were 
porous, this was not the first time this is noticed, it has been mentioned that porosity in Ti2AlC 
and Ti3AlC2 is a common characteristic and so are cavities given the limited methods of 
preparation of these ceramics. (128) 
As we have mentioned previously the selected parameters for this project might not have 
been the optimum. Just as we have seen the oxidation temperature selected is one for which 
carbon has a very high activity, therefore increasing the temperature would decrease the 
activity of the same and the probable Metal Dusting phenomenon could possibly be avoided. If 
it is avoided then a proper determination of the oxidation resistance of these coatings to 
oxidation could be made.  
Additionally, it has been considered that several improvements could be made along the 
development of the experimental part. This could be taken into consideration when carrying 
out experiments of similar characteristics. 
Regarding the slurry process it has been considered that an improvement in the application 
method might be useful. Instead of applying the coating with a brush using a spraying gun or 
something similar might provide a more uniform coating. 
For the pieces measurement it would be useful to have a more accurate method to obtain 
the measurements of the dimensions rather than using a caliper, also because in the case of 
some samples the geometry shows regions with variable lengths and thickness decreasing the 
accuracy we are trying to achieve.  
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DEFINITIONS OF INTEREST 
 
 
- Allotropic Transformation: Complete transformation from one crystal structure into 
another. 
 
- Amphiphilic: Compounds that contain hydrophobic groups and hydrophilic groups, in 
other words, they have a non-soluble and soluble component. 
 
- Anisotropic crystalline solid: A crystalline solid is anisotropic when it has a lattice 
structure whose atoms are arranged or spaced differently when viewed in any of the 
three planes; in other words, when the spacing and arrangement of the atoms is 
different in at least 2 of the 3 planes. 
 
- Compensated conductor: Material in which the concentration of electrons and holes is 
almost the same, but also its mobilities. 
 
- Defloccuant: Substance that when added to scattered particles in suspension cause a 
decrease in the apparent viscosity of the coating. Defloccuants increase the repulsive 
forces between particles. 
 
- Electrodeposition: It is a process in which an electrical current is used to reduce the 
cations of a material from a solution and coat that material as a thin film over a 
conductive substrate. If the substrate is not conductive then it cannot take place (reason 
for coating with gold non-conductive samples). 
 
- H phases: Phases with a M2AX structure. C and N atoms in this kind of structure do not 
occupy an interstitial octahedral site. 
 
- Hägg Phases: Carbides, nitrides, borides and hydrides with close-packed or hexagonal 
arrays of metal atoms in which C, N, B or H occupy interstitial octahedral or trigonal 
sites. 
 
- Hall Effect: Creation of a high voltage across an electrical conductor, transverse to an 
electric current in the conductor and a magnetic field perpendicular to it. The charge 
carriers have different polarizations if they are electrons (-) or holes (+). 
 
- Laquers: Coatings converted to a solid film by evaporation of the liquid material. 
 
- Mill annealing: Heat treatment done to Ti-6Al-4V by which a microstructure with 
globular crystals is created. It consists of heating up to 730 ℃  in the lower range of the 
+ region and leaving it for 4 hours before furnace cooling up to 25℃. 
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- Nanolaminates: Layered materials that show unique physical properties when the 
nanolayer thickness is less than the characteristic length scale that defines the physical 
property. 
 
- Phase: Chemically and structurally homogeneous are that forms part of the 
microstructure. 
 
- Polymorphism: Ability of a solid material to exist in more than one form of crystal 
structure. 
 
- Seebeck-Peltier Effect: Effect in which a temperature difference on both sides of a 
conductor creates a current. The charge carriers will determine the direction in which 
the current will move respect to the temperature gradient. It is measured by the 
Seebeck coefficient, which measures the induced voltage created by the temperature 
difference (V/K). 
 
- Spallation: Fragmentation of the surface of a material due to adverse conditions (as 
corrosion) or mechanical causes. 
 
- Surfactant: Substance used to lower the interfacial tension between the liquid and the 
solid. They attach themselves to the particles. 
 
-  Transus Temperature: Temperature where the transformation from BCC to HCP takes 
place. It separates the  phase field from the + phase. 
 
 
ABBREVIATIONS 
 
- hi: Carbon activity 
- BCC: Body Centered Cubic 
- BSE: Backscattered Electrons 
- CMC: Carboxy methyl cellulose  
- CVD: Chemical Vapor Deposition 
- D(50): Average particle diameter 
- EBSD: Diffracted backscattered 
electrons. 
- EDS: Energy Dispersive X-Ray 
Spectroscopy 
- %EI: % Stiffness 
- HCP: Hexagonal-Close Packed 
- HVOF: High-Velocity Oxygen Fuel  
-  KIC: Fracture Toughness 
- PAA: Poly Acrylic Acid 
- PEG: Polyethylene Glycol 
- PEI: Polyethyleneimine 
- PVD: Physical Vapor 
Deposition 
- RH: Hall coefficient 
- SEM: Scanning Electron 
Microscopy 
- SE: Secondary Electrons 
- TMAH : 
Tetramethylammonium 
- XRD: X-Ray Diffraction 
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ANNEX I: TESTS DONE ON SLURRIES 
 
A. Tests for Ti2AlC 
 
In the first approach it was intended to achieve a slurry composition of 60%.wt in solids and 
2%.wt with respect to the solids of dispersant. Initially no binder was used waiting to see the 
viscosity of the slurry obtained. For the tests 5ml of slurry where made, to limit the amount of 
powder used. 
 
A.1 Test I 
 
The first test done was with Ti2AlC despite the fact there was no previous experience with this 
one due to the lack of PEI at the time.  In the first test two slurries were made, one without 
using a binder and the other one using PEG with a 3 %.wt in solids. This way it would be able to 
determine whether the use of a binder would be needed to achieve an appropriate viscosity.  
When not using the binder, the composition formula omits a term: 
 
5!6! =
7!6!
jk9"lj<=%
:jk9"lj
+
;88<=%
:;88
+
A(6<=%
:A(6
 
 
Equation 12 Computation of the masses without PEG 
 
The composition of the slurries made is included below: 
 
Composition for the slurry without PEG: 
 
 
With PAA for Ti2AlC 
INPUT OUTPUT 
Volume (ml) 5 
mtotal (g) 9.19142313 
densitytotal (g/ml) 1.83828463 
 
COMPOUND % wt. mass (g) 
H20 0.388 3.566272173 
Ti2AlC 0.6 5.514853876 
PAA(2%wt. wrt. %solids)  0.012 0.110297078 
 
Table 33 Calculations Composition Ti2AlC Slurry without PEG 
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Amount of PAA added: 
 
Volume of PAA needed for 100% purity (ml) 0.09191423 
Volume of PAA needed for 75% purity (ml) 0.12255231 
 
Table 34 PAA 75 % purity quantity added for composition without PEG 
 
Composition for the slurry with PEG: 
 
 
With PAA for Ti2AlC with PEG 
INPUT OUTPUT 
Volume (ml) 5 
mtotal (g) 9.2260651 
densitytotal (g/ml) 1.84521302 
 
COMPOUND % wt. mass (g) 
H20 0.37 3.413644088 
Ti2AlC 0.6 5.535639062 
PAA (2%wt. wrt. %solids)  0.012 0.110712781 
PEG (3%wt. wrt. %solids)  0.018 0.166069172 
 
Table 35 Calculations Composition Ti2AlC Slurry with PEG 
 
Amount of PAA added: 
 
Volume of PAA needed for 100% purity (ml) 0.09226065 
Volume of PAA needed for 75% purity (ml) 0.1230142 
 
Table 36 PAA quantity added for composition with PEG 
 
After adding the amount of water indicated and measuring the quantities of the 
components required the PAA was added. A sudden decrease in the pH was noticed, this 
decrease is quite reasonable due to the fact that PAA is an acid. 
Throughout the process the difference of adding PEG was clearly noticed.  When its 
addition took place the PAA seemed to dissolve it at a faster rate than when PAA is not used; 
not only this but the solution went from being transparent to being kind of white. Another 
thing that was noticed was the increase of viscosity induced by the PEG, besides this effect the 
pH remained almost constant (see Table 37). The addition of the powders into the stirring 
mixture also has a slight effect on the pH. 
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Test I- Ti2AlC (pH) 
STEP Ti2AlC without PEG Ti2AlC with PEG 
Initial Value of the water 7.9 7.4 
After PAA addition 3.4 3.14 
PEG addition - 3.47 
Final-After poder addition 3.6 3.64 
 
Table 37 pH Evolution for Test I done on Ti2AlC 
 
Deposition of the slurry onto two samples was carried out to see how the final results 
would be. Regarding the PEG slurry, its adhesion to the substrate was much better than the 
other one and both when depositing it and drying of the film of slurry was seen to be more 
uniform than the other one and all the surface of the sample seemed to be fully covered. 
Another advantage was that the slurry didn’t drip, whereas the other one did. The sample 
where the slurry without PEG was added once it dried of pores could be appreciated leaving 
parts of the substrate uncovered, not only this but the bottom part got stuck to the place 
where the surface where the slurries where placed so the sample once it had dried had to be 
turned around to try and achieve a film similar to the other one. After doing this the samples 
were left to dry off. 
When returning several days later both samples where completely dry and it seemed that 
PEG didn’t influence the actually affect the final result, but when taking both pieces in your 
hands it was the sample without PEG started losing the coating and the powder fell off leaving 
the surface unprotected. The one with PEG remained attached to the sample. 
In Figure 67 it can be seen how the sample that was covered with the slurry containing PEG 
seem to have a greater thickness, giving us and idea of its higher viscosity respect to the other 
slurry used. 
 
Figure 67 Resulting coatings from the first Test 
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As this test was quite satisfactory no need for further experiments with this powder were 
needed.  
 
B. Tests for Ti3SiC2 
B.1 Test I 
 
In this test the pH was adjusted manually by adding TMAH to the initial water solution. The 
two slurries had the same concentration in solids, but in one of them PEG was added as a 
binder, just as in the previous test for Ti2AlC. 
The compositions used were also for a final volume of 5ml and the computations for the 
compositions were as follows: 
Composition for the slurry without PEG: 
 
Ti3SiC2 withoutusing PEG 
INPUT OUTPUT 
Volume (ml) 5 
mtotal (g) 9.39211521 
densitytotal (g/ml) 1.87842304 
 
COMPOUND % wt. mass (g) 
H20 0.3988 3.745575547 
Ti3SiC2 0.6 5.635269127 
PEI (0.2%wt. wrt. %solids)  0.0012 0.011270538 
 
Table 38 Calculations Composition Ti3SiC2 Slurry without PEG 
 
As the PEI used was not 100% pure but 1:10 in volume a correlation had to be done to get 
the actual volume that had to be added. 
 
Amount of PEI added: 
 
Volume of PEI needed for 100% purity (ml) 0.01043568 
Volume of PEI needed for 1:10 purity (ml) 0.10435684 
 
Table 39 PEI quantity added for composition without PEG 
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Composition for the slurry with PEG: 
 
With PAA for Ti2AlC with PEG 
INPUT OUTPUT 
Volume (ml) 5 
mtotal (g) 9.42828948 
densitytotal (g/ml) 1.8856579 
 
COMPOUND % wt. mass (g) 
H20 0.3808 3.590292632 
Ti3SiC2 0.6 5.656973685 
PEI (0.2%wt. wrt. %solids)  0.0012 0.011313947 
PEG (3%wt. wrt. %solids)  0.018 0.169709211 
 
Table 40 Calculations Composition Ti3SiC2 Slurry with PEG 
 
Amount of PEI added: 
 
Volume of PEI needed for 100% purity (ml) 0.01047588 
Volume of PEI needed for 1:10 purity (ml) 0.10475877 
 
Table 41 PEI purity 1:10 quantity added for composition with PEG 
 
The pH evolution control was also carried out at each step; the goal was to obtain a final pH 
within the 8.5-9.5 range. The results of how the pH varied can be seen in Table 42. 
 
Test II- Ti3SiC2  
STEP Ti3SiC2 without PEG Ti3SiC2 with PEG 
Initial Value of the water 9.13 9 
After PEI addition 9.08 9.8 
PEG addition - 10.3 
Final-After poder addition 8 8.66 
 
Table 42 pH Evolution for Test II with the Ti3SiC2 slurry coating 
 
From the pH evolution it can be observed how PEI dispersant has an opposite behaviour to 
PAA’s; PEI increases the pH whereas PAA decreases it due to its acidic character. Another 
difference observed is that unlike in the previous case where the addition of PEG changed the 
colour of the solution here no change is noticed. Also it is worth pointing out the difference in 
the amount of dispersant added, which is one order of magnitude different. This last point may 
be the reason why when adding PAA a clear change in viscosity was seen and for the Ti3SiC2 no 
such thing is noticeable. 
Regarding the outcome of the slurries, the slurry with PEG seemed to be even more liquid 
than the other one and it dripped much more than the other. Questioning what could be the 
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reason for this behaviour gave way to finding what the key to this problem was, when setting 
the pH to 9 different amounts of the acid and base were added to each slurry leading to a non-
proportional increase in volume. Therefore, the results obtained with the slurries could not 
confirm the exact behaviour of the coatings. 
Despite this fact, when observing the coated samples after drying off, it was clear the need 
of PEG just as for Ti2AlC, the slurry without the binder after drying off proved to start falling off 
as if it were dust. 
 
B.2 Test II 
 
This test was the same in terms of quantities used and procedure, the only difference was the 
fact that in order to avoid the problem of different volume additions, a simpler approach was 
decided, the volume of water added would already be the desired pH. As from the previous 
test it was seen how the pH decreased along the process instead of setting the pH to 9 it was 
set to a higher value so its decrease was not as considerable. 
 
Test III- Ti3SiC2  
STEP Ti3SiC2 without PEG Ti3SiC2 with PEG 
Initial Value of the water 9.85 9.85 
After PEI addition 10.15 9.84 
PEG addition - 10.17 
Final-Afterpowderaddition 8.43 8.43 
 
Table 43 pH Evolution for Test III 
 
The evolution of the pH was similar to the one for Test II. With this test we were able to 
verify that PEG indeed increased the viscosity and that the final slurry with PEG was better 
than the other one. 
 
CONCLUSIONS REACHED FROM SLURRY PREPARATION 
• The 211 slurry seems to provide a more uniform and viscous coating when applied on 
the piece. 
• PEG is required for binding the particles. 
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ANNEX II: MEASUREMENTS OF THE SAMPLES 
AND AVERAGES 
 
For the calculation of the reference area of the samples three measurements were done and 
with them and average was calculated. The values measured and their respective average 
values are included in the Table below. 
 
 
 
Table 44 Measurements of the samples done before oxidation used to calculate the resulting reference area 
 
These average values (in the yellow columns) were the values used to calculate the area of 
each piece according to Equation 13.  
mnopWqnr = 2Qs + 2Q + 2s 
Equation 13 Computation of the exposed area of the samples 
 
Where Q  is the thickness,  the length and s the width of the samples. With this the values 
seen in Table 45 are obtained. 
Av. Length Av. Width Av. Thick.
1200 312-1 16.73 16.66 16.66 16.6833007 17.09 17.08 17.01 17.0599628 1.65 1.66 1.76 1.68927971
1200 312-2 16.4 16.33 16.66 16.4627232 15.19 15.56 15.09 15.2786695 1.78 1.8 2.16 1.90567463
1200 312-3 18.23 18.21 18.32 18.2532707 16.72 17.04 17.09 16.9492041 1.57 1.56 1.52 1.54984862
1200 211-1 16.83 16.75 17.06 16.8794899 15.42 15.62 15.66 15.5663116 1.79 1.72 1.76 1.75643217
1200 211-2 17.75 17.83 17.76 17.7799644 16.53 16.62 16.44 16.5298367 1.56 1.6 1.69 1.6157609
1200 211-3 16.4 16.13 16.3 16.2762845 15.24 15.29 15.23 15.2533108 1.97 2.04 1.75 1.91592343
1100 312-1 14.82 14.91 14.91 14.8799394 14.81 13.99 13.99 14.2581604 1.43 1.50 1.50 1.47629399
1100 312-2 16.78 16.52 16.89 16.7292787 16.46 15.93 16.24 16.2085393 1.33 1.32 1.27 1.30640078
1100 312-3 14.72 14.64 14.9 14.7529335 14.56 14.91 14.88 14.7824806 1.60 1.50 1.52 1.53940045
1100 211-1 17.38 17.59 17.48 17.483123 14.15 14.36 14.56 14.3556904 1.53 1.63 1.99 1.70573163
1100 211-2 15.89 15.87 15.88 15.8799979 14.23 13.66 14.16 14.0143497 1.79 1.92 1.70 1.80108576
1100 211-3 15.69 15.44 15.62 15.5829768 14.03 13.92 13.8 13.9163496 1.90 1.86 2.11 1.95366307
641-1 16.62 16.54 16.71 16.6231883 13.6 13.45 13.53 13.5265278 1.55 1.54 1.54 1.54332614
641-2 16.74 16.71 16.58 16.6765218 16.24 16.07 16.16 16.1565174 1.5 1.53 1.51 1.51328204
641-3 17 17.27 17.24 17.1695735 14.79 14.71 17.74 15.6859739 1.44 1.44 1.45 1.44332565
INITIAL MEASUREMENTS
MEASUREMENTS
Length (mm) Width (mm) Thickness (mm)
PIECE
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Table 45 Reference areas obtained for the samples and used to plot the oxidation curves 
 
Using the previous values and the variation of mass at each step with respect to the initial 
mass the variation 
∆tuqq
vwxyz{w|
 is calculated and with this the oxidation curves can be plotted. The 
values of the mass recorded through the oxidation cycles can be seen in Table 46. The oxide 
formed on the pieces is very brittle and easily breaks and falls off, for this reason it is quite 
common to notice mass reductions instead of gains after an oxidation cycle.  
 
 
Table 46 Mass Evolution measurements recorded through the 300 hours of oxidation at 600℃ 
 
Initial 12h 24h 48h 100h 150h 300h
1200 312-1 1.9534 1.9270 1.9666 1.9678 1.9679 1.9675 1.9687
1200 312-2 1.7383 1.7160 1.7090 1.7106 1.7113 1.7021 1.6959
1200 312-3 2.1208 2.1408 2.1417 2.1434 2.1389 2.1327 2.1312
1200 211-1 1.7644 1.7054 1.7005 1.6998 1.7005 1.7019 1.7039
1200 211-2 2.0280 1.9726 1.9711 1.9724 1.9750 1.9762 1.9792
1200 211-3 1.7720 1.7216 1.7195 1.7201 1.7223 1.7228 1.7243
1100 312-1 1.3380 1.3345 1.3348 1.3349 1.3350 1.3347 1.3355
1100 312-2 1.4760 1.4220 1.4222 1.4224 1.4232 1.4234 1.4244
1100 312-3 1.4179 1.4808 1.4813 1.4815 1.4828 1.4831 1.4843
1100 211-1 1.6805 1.6327 1.6332 1.6325 1.6332 1.6333 1.6335
1100 211-2 1.5439 1.4156 1.4131 1.4130 1.4136 1.4130 1.4132
1100 211-3 1.4912 1.3803 1.3758 1.3763 1.3768 1.3761 1.3772
641-1 1.5121 1.5141 1.5148 1.5156 1.5176 1.5192 1.5247
641-2 1.7895 1.7913 1.7921 1.7937 1.7958 1.7976 1.8037
641-3 1.5755 1.5776 1.5783 1.5797 1.5815 1.5831 1.5888
PIECE
Mass (g)
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ANNEX III: CALCULATION OF THE FREE 
ENERGY FOR THE TiC REACTION 
 
The data used for the calculation of the spontaneity of the reaction is summarized in the table 
below: 
Element 
∆A}° 
(kJ/mol) 
H-
H°(298.15K)(kJ/mol) 
@ T=800K 
H-
H°(298.15K)(kJ/mol) 
@ T=800K 
$°@	 
(J/molK) 
$°@ 	 
(J/molK) 
CO2 -393.522 22.806 28.030 257.494 263.645 
TiO2 -944.747 33.764 41.122 115.311 123.977 
O2 0 15.835 19.241 235.921 239.931 
TiC -184.096 22.558 27.583 67.31 73.227 
 
Table 47 Values used for calculating Gibbs Energy 
 
The enthalpy of each element was calculated by:  
1 = ∆1° + 1 − 1298.15	° 
Equation 14 Enthalpy calculation at a certain temperature 
 
The value for the temperature at which we are working, 873.16K (600℃) was then obtained by 
interpolation of the enthalpies of each element at 800K and 900K. 
 
Element 
A@ 
(kJ/mol) 
A@  (kJ/mol) A@#. * 
(kJ/mol) 
$@#. *	 
(J/molK) 
CO2 -370.716 -365.492 -366.894 261.9940716 
TiO2 -910.983 -903.625 -905.600 121.6510456 
O2 15.835 19.241 18.327 238.854716 
TiC -161.538 -157.862 -157.862 71.6388772 
 
Table 48 Enthalpy and entropy for the elements of the reaction 
 
Note: To calculate the entropy we have assumed we are working at 1 atm, for this reason no 
additional term has to be added to the equation. 
 
 
With the values of enthalpy and entropy the overall enthalpy and entropy of the reaction 
 + 2 →  +  can be calculated by doing: 
 
∆1 = 1pWr`q −1nu`u2q =-1151.286 kJ 
Equation 15 Enthalpy of the reaction 
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∆G = GpWr`q − Gnu`u2q =-165.703 J 
Equation 16 Entropy of the reaction 
 
From the 2nd Law of Thermodynamics: 
∆ = ∆1 − ∆G = −1006.601	KJ < 0	G4m4G 
Equation 17 Gibbs Energy Equation 
 
